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TO MY SON
ABSTRACT
In  Chapter 1, the k in e tic s  and mechanism o f  the d e tr i t i a t io n  o f 
various azoles namely, [2 -3H ]thiazole, [2 -3H]benzothiazole, [2 -3H]benzo- 
xazole and [3 (5 )-3H ]-l,2 ,4 - tr ia z o le  have been studied a t  a temperature 
o f 85.0° over the pH range 0-12. The pH-rate p ro f ile s  in d ica te  th a t ,  in  
general, two reaction  mechanisms are in  operation. F ir s t ly ,  r a te -  
determining a ttack  o f hydroxide ion on the protonated form o f the 
su b stra tes  giving r i s e  to  y lid e  interm ediates -  th is  i s  predominant a t  
pH -values lower than 5. Secondly, rate-determ ining a ttack  o f  hydroxide 
ion on the n e tu ra l form o f the substra te  giving r is e  to carbanions -  
th is  mechanism becomes predominant a t  high pH values. The good agreement 
between the experimental and th eo re tic a l pH-rate p ro f i le s , the l a t t e r  
having been constructed on the basis th a t  one or o th er, or both , o f these 
mechansims are opera tive , provided good support for the above in te rp re ta t io n . 
S im ilarly  the e ffe c ts  o f p o sitio n  and type o f  heteratom (s) on the ra te s  
o f d e t r i t ia t io n  are co n siten t with these mechanisms. However the pH- 
ra te  p ro f i le  fo r [5 -3H ]tetrazo le  was d if fe re n t from the o ther azo les , 
suggesting th a t  o ther exchange pathways are involved in  th is  case.
In  Chapter 2, the ra te  o f d e tr i t ia t io n  o f h is tid in e  d e riv a tiv e s , 
namely, [2 -3H]histamine, g ly c y l-2 -[-3H ]-L -histid ine and g ly c y l-[2 -3H]-L- 
h is tid y l-g ly c in e  were a lso  measured as a function o f  pH a t  85.0°. The pH- 
dependence o f  the d e tr i t ia t io n  ra te s  i s  consisten t w ith rate-determ in ing  
a ttack  o f  hydroxide ion on the protonated form of the  su b s tra te . The 
presence o f neighbouring ion isab le  groups (NH3 , COO ) a ffe c ts  the  ra te s  
o f  exchange in  a manner depending on the proxim ity o f  these groups to  
the reac tio n  c en tre .
In  Chapter 3, the d e tr i t i a t io n  o f the a n tib io tic  [8- 3H]puromycin 
and the anti-leukem ia agents [8- 3H]-6-mercaptopurine and [8- 3H]-6-mercaptopurine 
riboside  have been stud ied  as a function o f pH a t  85.0°. Sim ilar exchange 
pathways to  those proposed fo r the d e tr i t i a t io n  of simple azoles are 
involved. In the case o f 6-mercaptopurine riboside an ad d itio n a l pathway 
involving hydroxide ion a ttack  on the anion i s  predominant a t  high 
pH va lues.
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GENERAL INTRODUCTION
Hie existence o f a hydrogen isotope o f mass three was f i r s t  reported
by Rutherford1 in  1934. I t  was severa l years la te r  however before
observations showed th a t  th is  isotope was rad ioactive (3-e m itte r ) . In
the next 15 to  20 years tr it iu m  came in to  increasing  use as a rad ioactive
tra c e r  isotope but the progress was slow because o f the d i f f ic u l ty  '
o f  de tec ting  the low energy 3 -p a r tic le s . In 1957 Wilzbach discovered
(what was thought to  be) a simple method fo r lab e llin g  compounds w ith
tr it iu m  and th is  stim ulated  in te re s t  in  using tr itiu m  compounds as t r a c e r s .
At about the same time commercial l iq u id  s c in t i l la t io n  counters became 
4 5ava ilab le  ' and th is  led  to a rap id  expansion in  the use o f  t r i t i a t e d  
compounds, so much so th a t  they are now widely used in  chem istry, 
biochem istry, c l in ic a l  medicine, ag ricu ltu re  and many o ther f ie ld s .
6As an iso tope , tr itiu m  has c e r ta in  unique p roperties . Apart from 
being one o f the le a s t  expensive rad io -iso topes the weak 3-em ission 
(^3max = 1^*6 keV) makes sh ie ld ing  unnecessary. The h a l f - l i f e  o f  12.35 
years i s  conveniently long, although a t  the same time i t  i s  sh o rt enough 
so as not to  introduce problems w ith long term storage o f  t r i t i a t e d  
compounds. The extremely high sp e c if ic  a c t iv i t ie s  th a t are a tta in a b le  
(29.1 Ci/m mole) are considerably higher than fo r llfC compounds 
(1.77 x 10“6 Ci/m mole) . Ihe ex ce llen t autoradiographic p ro p e rtie s , 
a r is in g  from the weakness o f the 3- ra d ia tio n , makes tr it iu m  p a r t ic u la r ly  
well su ited  fo r b io lo g ica l work.
On the  o ther hand, there are c e r ta in  fac to rs  involved in  the  
p reparation  o f tr it iu m  lab e lled  compounds which have been presented  as 
considerable b a rr ie rs  to  the  use o f these compounds. There i s  commonly 
le s s  c e r ta in ty  about the p o s itio n  and d is tr ib u tio n  o f  the lab e l than  w ith 
other rad io -iso topes . However the recen t development o f tr it iu m  nuclear 
magnetic resonance spectroscopy now makes possib le  the determ ination o f
the p o s itio n  and ex ten t o f  tr it iu m  la b e llin g . The need, from time to 
time, to  work w ith m ateria ls o f very high sp e c if ic  a c t iv i ty  makes s e l f ­
decomposition much more troublesome than i t  i s ,  fo r example, w ith llfC 
compounds. In  ad d ition , the s t a b i l i ty  o f the tr it iu m  lab e l ( i . e .  lo ss o f 
label by iso  topic., exchange) under the experimental conditions i s  an 
in po rtan t fac to r  in  appraising  the usefulness o f t r i t i a t e d  compounds.
This i s  why an understanding o f the s t a b i l i ty  o f the tr itiu m  atoms w ith in  
a lab e lled  compound i s  so in p o rtan t.
Tritium  lab e lle d  compounds can be divided in to  four ca tegories , 
depending on how s ta b le  the lab e l i s  :-
1 . The tr it iu m  atom is  attached to  n itrogen  or oxygen. Such compounds
are  o f l i t t l e  use as the  lab e l i s  e a s ily  lo s t  under very m ild
co n d itio n s.
2. The tr it iu m  atom is  a ttached to  carbon and i s  n o n -lab ile . In
o ther words, the compound does no t undergo e ith e r  acid  o r base
catalysed  exchange even under vigorous cond itions. Some im portant 
aminb acids f a l l  in to  th is  category,
3. The tr itiu m  atom is  a ttached to  carbon and i s  la b i le .  The compound
now rea d ily  undergoes exchange e ith e r  in  ac id ic  or a lk a lin e  media 
o r both. Examples o f such compounds include a - t r i t i a t e d  ketones.
4* The tr itiu m  atom is  a ttached to carbon and i s  non-lab ile  except
under b io lo g ica l conditions, fo r example, the beta^oxidation  o f
g
f a t ty  acids i s  accompanied by loss o f  tr it iu m  .
D iff ic u ltie s  in  the use o f t r i t i a t e d  compounds as tra c e rs  are 
more l ik e ly  to  a r is e  from the l a s t  two examples. Exchange reactions are 
not associated  with any o v era ll changes in  the molecular s tru c tu re  or 
physical p ro p erties  o f  the compound but generally  lead to  a loss o f  rad io ­
a c t iv i ty  and therefore  in  the sp e c if ic  a c t iv i ty  o f the compound. The ease 
w ith which th is  exchange takes place obviously depends on the fac to rs  
influencing  the ra te s  o f cleavage o f the carbon-tritium  bond and th is  i s  
d ire c tly  re la te d  to the s tru c tu re  o f the compound and the p o s itio n  o f 
the lab e l w ith in  the molecule. .«
The t r i t i a t e d  he te rocyclic  group o f organic compounds are  amongst 
the  most widely used o f lab e lled  compounds -  the  purines, pyrim idines, 
nucleosides and nucleotides are notable examples. This steins in  p a r t  
from th e ir  importance in  biochem istry. For example, the thiazolium  rin g  
system is  found in  Vitamin B x which i s  known generally  as thiamine (1).
The b io lo g ica l importance o f th is  compound was revealed ';by the discovery 
.that i t  formed a p a r t  o f the molecule in  the p ro s th e tic  group; o f  •- ■ i 
the enzyme carboxylase10. S im ilarly , . the-various purines and pyrimidine
NH
CH
CH NH
+ .N CH-
g " ^ C 2H4OH
bases which'occur in  the nucleotides o f  nuc le ic  acids are derived by 
appropriate su b s titu tio n  in  the ring; s tru c tu re  o f the paren t substances, 
purine (2) and pyrimidine (3). p • .
N N “ N 
(4)(3)
The s t a b i l i ty  o f tr it iu m  in  nucle ic  acid precursors has been 
inv estig a ted  by various workers11-14 and i t  was found th a t ,  in  some cases 
such compounds are not sub jec t to  s ig n if ic a n t loss o f tritiu m , in  sh o r t­
term experiments under physio logical conditions (moderate temperature and 
n eu tra l pH). However, se rious la b i l is a t io n  o f tr itiu m  can occur w ith 
some compounds when they are  subjected to more extreme conditions o f 
temperature and pH. The pH o f the so lu tio n  i s  an important fa c to r  in  
determining the ex ten t o f la b i l is a t io n .
The ob jec t o f the p resen t work was to  in v es tig a te  the s t a b i l i ty  
o f the tr it iu m  lab e l in  th ree  c lasses o f  he te rocyc lic  compounds over the 
pH range 0-12 a t  85.0° and formulate mechanisms to  account fo r the 
observed behaviour. These c lasses a re :-
(1) Simple five-membered he terocyc lic  compounds containing two or 
more heteroatoms.
(2) Model compounds fo r the exchange behaviour in  p ro te ins 
(h is tid in e  d e riv a tiv e s ) .
(3) Purine-containing drugs *
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CHAPTER 1
/
K inetics and Mechanism o f D e tr i t ia t io n  o f 
Various Azoles
1.1 INTRODUCTION
While a g rea t deal o f a tte n tio n 1 has been given to  pro to n -tra n sfe r
reactions involving carbon acids such as ketones and n i t r o  compounds,
2le ss  extensive work has been done on he te rocyc lic  compounds • The e f fe c t  
o f p o sitio n  and type o f  hetero  atom(s) on the ra te s  o f io n isa tio n  o f 
h e te rocyclic  carbon acids could be o f b e n e fit in  th ree  areas. F i r s t ly ,  
i t  may be possib le  to separate  the con tribu tions to  the ra te  in to  
inductive, coulonibic, resonance, d -o rb ita l and s -ch arac te r e f fe c ts . 
Secondly, i t  may provide inform ation o f sy n th e tic  use. F in a lly , as many
o f these compounds contain ion isab le  groups o ther than C-H (eg. N-H)
they are able to  undergo reaction  in  a protonated o r deprotonated form 
as w ell as the n e u tra l molecule. Thus imidazole (1, R = H), may e x is t  in  
so lu tion  as the conjugate acid  (2) o r the conjugate base (3). Such 
ionised  foims frequently  serve as su b stra tes  in  enzymatic processes and 
a study of the ra te  o f io n isa tio n  could lead  to  a b e tte r  understanding 
of the sp e c if ic i ty  o f enzymes.
(1) (2) (3)
(4a) X = S
(4b) ■ X = 0 
(4c) X = Se
In the p resen t work the k in e tic s  o f tritium -hydrogen exchange in  
five-menibered rin g  he terocyclics containing f i r s t l y  one n itrogen  and 
another he tero  atom in  the 1 ,3 -positions namely, benzothiazole (4a), benzo- 
xazole (4b), benzoselenazole - (4c) and th iazo le  (5), and secondly, five-membere 
rings containing more than two n itrogen  atoms, namely 1 , 2 , 4- t r ia z o le  (6) and
1 ,2 ,3 ,4 - te tra z o le  (7 ) ,have been in vestiga ted .
(5) (6) (7)
Several stud ies re levan t to  the general problem o f iso to p ic  
hydrogen exchange a t  the C-2 p o sitio n  in  five-menibered he te rocyc lics 
have been reported  recen tly 2. The ra te  o f d e tr i t i a t io n  o f  [2 -3H j-benzi-
3
m idazole.',for example, has been measured over a pH range and the pH ra te  
p ro f ile  accounted fo r  in  terms o f rate-determ ining  a ttack  by hydroxide 
ion on the benzimidazole cation  w ith the formation o f an y lid e  
interm ediate which then reac ts  w ith the so lvent in  a f a s t  step  as shown 
in  Scheme 1. The k in e tic a lly  equivalent p o s s ib i l i ty  o f rate-determ in ing  
a ttack  by so lven t molecules on the n e u tra l benzimidazole molecule was 
ru led  out by the observation th a t the second-order ra te  constan t fo r  
hydroxide ion a ttack  on [2-3hJ-1,3-dime thy lbenzimidazolium bromide was 
close to  th a t  fo r a ttack  o f OH on the benzimidazolium ca tion . The ra te s  
o f d e tr i t ia t io n  o f several 1-a lk y l su b s titu te d  benzimidazoles 
(benzyl ~ i-p ropyl > e thy l > methyl > hydrogen) are c o n sis ten t w ith th is
H OH
Scheme 1
H
h 2°
mechanism which i s  common to many he te rocyc lic  compounds . D irect 
evidence fo r  the existence o f y lid e  in term ediates in  these reac tio n s comes 
from the fa c t  th a t  many o f  the quaternary s a l ts  cata lyse  the benzoin and
4  5
ace torn  condensations ' . D ialkyl tetrazo lium  s a l ts  as w ell as undergoing
\
base-cata lysed  iso top ic  exchange a lso  undergo rin g  sc iss io n  to  
carbodimides in  a slower reaction  thereby demonstrating the presence o f  
an y lid e  interm ediate6 .
The discovery o f the importance o f la b ile  hydrogen a t  the C-2
4 7
p o sitio n  in  iMamine (8) by Breslow ' stim ulated  in te re s t  in  the k in e tic s  
o f iso  top ic  hydrogen exchange o f th iazo le  and thiazolium  ions . Thiamine 
which in  the form of. i t s  pyrophosphate, cocarboxylase, i s  the coenzyme ' 
fo r a number of important biochemical reac tions, exchanges i t s  2-H 
in  D20 a t  28° w ith a reaction  h a l f - l i f e  o f 20 minutes. The ra te  o f  the  
formation o f  y lides in  thiazolium  rings as measured by exchange ra te s  in
4  -
NH2
CH
R O C H ^ H ^ \s / \ n ^ S - c h 3
(8)
D20 are remarkably f a s t  compared w ith the exchange ra te  v ia  o th er 
n itrogen  y lid e s . Tetramethylammoniim iod ide, fo r  example, requ ires over 
10 days o f re flux ing  using 0.27 N base in  order to  exchange only 0 .1 ! o f 
each hydrogen. Ihe remarkable l a b i l i t y  o f the 2-H in  the thiazolium  
rin g  has been ascribed  to  the combined e ffe c ts  o f a number o f  
fac to rs  including:
(a) high s-ch arac te r o f the C-H bond; ra te s  o f  carbanion form ation are
influenced by the amount o f  s -ch arac te r in  the bond being broken8. The
a c id ity  d ifference between acetylene (pK -  25) and ethylene (pK -  36)a a
has been ascribed  mainly to  the d ifference  in  s -c h a ra c te r. This i s  
caused by the stronger a ttra c tio n  by the p o s itiv e ly  charged nucleus on 
the spherosym m etrically-arranged s-e lec tro n s  than on the p -e le c tro n s .
(b) an inductive e ffec t; th is  i s  usually given as the reason fo r  
Et-+N~«iC-H being a stronger acid than H-CeN which, in  turn, i s  a 
stronger acid than H-CeC-H .
(c) s ta b il is a tio n  o f the y lid e  species (9) by a resonance con tribu tion  
from the carbene-like s tru c tu re  (10) and
(d) d - a overlap o f the e lec tron  p a ir  o f the anion w ith an empty 
d -o rb ita l o f sulphur (11) .
CH.
'*h
c r
( i d
CH. N +
(9)
CH
R-
N'
(10)
Several k in e tic  stud ies have been performed to  give q u a li ta t iv e  and
9
q u an tita tiv e  estim ates o f the magnitude o f each o f these fa c to rs . Haake
compared the hydrogen-deuterium exchange r a te s ,  nmr chemical s h i f t s  and
J i 3C-H coupling constants fo r the 3,4-dimethyloxazolium cation  (12) and
the 3 ,4-dimethyl thiazolium  cation  (13) (ra te s  40:1 ; J 13 = 247:218)C-H
and concluded th a t  high s-ch arac te r in  the C-H bond was a dominant 
fac to r; the use o f as a measure o f  s -ch arac te r in  re la te d  systems
has however been c r i t ic iz e d 10, and a simple co rre la tio n  i s  n o t 
su b s tan tia ted  w ith o ther su b s tra te s11.
CH- / C H  3 CH-
-CH. ChV CH,
h^ n / ^ h
I .
CH,
(12) (13) (16)
7 12I t  was suggested ' th a t the y lid e  species (9) could be s ta b il is e d  
by a resonance con tribu tion  from the carbene s tru c tu re  (10). The 
existence o f carbene interm ediates was proposed by Wanzlich13, who found 
th a t  deprotonation of the 1-alkylbenzothiazolium  s a l ts  (14) led  to  dimer 
formation (15). Quast and Hunig14 succeeded in  trapping the carbene by
- H X
(14) (15)
reac tion  w ith azides as shown in  Scheme 2. B a lli15 used tetracyanoethylene 
as a trapping agent in  o ther examples o f carbene form ation. Haake16, 
however, suggested th a t  s ta b i l is a t io n  due to  the carbene resonance form 
would be small because the e lec tron  d e fic ie n t carbon might be o f 
considerably h igher energy than the y lid e  form.
N —N= N-
Scheme 2
The con tribu tion  to the s t a b i l i ty  o f y lid e  (9) from the overlap o f a 
d -o rb ita l o f  sulphur w ith a <?-orbital d irec ted  away from the rin g  a t  
C-2 as in  (11) has been in v estig a ted  by various workers9 ' 16' ‘L7.
Olofson and h is  co-workers published a se rie s  o f communications on the
ra te s  o f proton exchange o f  various azoles and azolium y l id e s . They
17found unusually large  ra te s  o f exchange fo r  protons a -  to  sulphur .
Evidence based on a q u an tita tiv e  comparison o f oxazolium, thiazolium  and
imidazolium ions gives fu rth e r  support to  the suggestion o f  d -  a overlap
9 16as a possib le  s ta b il is in g  fa c to r  in  thiazolium  y lid es ' . The ra te s  o f
exchange o f  the C-2 hydrogen in  3 ,4-dimethyloxazolium ion (12),
I ■
3 ,4 -dimethyl thiazolium  ion (13) and 1,3,4-trim ethylim idazolium  ion (16) 
have been measured over a range o f pH and b u ffe r concen trations. The 
reactions were catalysed  by 0D~ and the re la tiv e  second-order r a te  
constants were respec tive ly  105*5 :103*5:1. These re s u lts  suggest th a t  the  
tra n s it io n  s ta te  fo r y lid e  formation must be considerably s ta b i l is e d  in  
the case o f  sulphur-containing compounds.
18The d eu te ria tio n  o f th iazo le  (5) was f i r s t  s tud ied  by Staab who 
reported  th a t  the exchange took place a t  the C-2 p o s itio n  in  MeOD a t  
60°. Olofson e t  a l 17 reported th a t in  MeO /MeOD a t  31°, both H-2 and 
H-5 in  th iazo le  undergo exchange a t  about the same ra te .  The pH -rate
19
p ro f i le  fo r  the deuterium-hydrogen exchange a t  C-2 o f th ia zo le
suggested th a t  two mechanisms were im portant. F i r s t ly  the  exchange rou te
a t  interm ediate pH involved equilibrium  protonation  on n itro g en  followed
by rate-determ ining proton ab strac tio n  from C-2 by OH” (Scheme 3).
At higher pH, CH -induced proton ab strac tio n  from the n e u tra l compound
was predominant (Scheme 4). Further evidence fo r  the f i r s t  mechanism
11was provided by Olofson e t  a l  who found th a t  3-ethyl thiazolium  iodide (17)
exchanged i t s  C-2 hydrogen a t  about the same ra te  as th ia zo le  under 
s im ila r conditions. These re s u lts  confirm th a t  the conjugate ac id  o f  
th iazo le  i s  indeed the ac tive  interm ediate a t  lower pH values2 .
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The observation th a t th ia z o le -2-carboxylic ac id  rea d ily  undergoes 
decarboxylation gives fu r th e r  support to the above mechanisms.
Exchange a t  the C-5 p o sitio n  was observed only a t  very high pD and the 
pD-rate p ro f i le  was co n sis ten t w ith  rate-determ ining  a ttac k  by OD” on 
the 5-H o f the n e u tra l th iazo le  molecule (Scheme 5).
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21• Very recen tly  S p illane e t  a l  reported  a new sy n th e tic  pathway fo r
synthesis o f s p e c if ic a lly  lab e lle d  (2H a t  0 2 )  th iazo les  and benzo-
th iazo le . This involved p h ase -tran sfe r c a ta ly s is  and le d  to  a 901
d eu te ria tio n  in  3 h , considerably sh o rte r  than the time requ ired  fo r
22  23complete exchange by o ther methods (15 h o r more) f .
Benzothiazole (4a) exchanges i t s  2-H in  MeOD a t  60° w ith a h a lf -
18l i f e  o f 2500 minutes . The ra te  i s  th ree  times slower than th a t
observed fo r  th iazo le  ( 5 ) under the same conditions. Zatsepina and
co-workers24 s tud ied  d eu te ria tio n  o f (4a) in  EtO /EtOD and they found
th a t the exchange ra te  i s  s t i l l  confined to  the C-2 p o s itio n  b u t a r a te
enhancement was observed when compared w ith the ra te  o f  exchange in  a
n eu tra l medium (EtOD). S im ilar increases in  ra te  have been observed by 
25  —Foa e t  a l using MeO -MeOD a t  28°. Recently the e ffe c t  o f  various 
su b s titu en ts  (-CH 3 , - C l , -N02) in  the 5 -position  o f the  benzo-ring o f
(4a) on the deuterium-hydrogen exchange a t  the C-2 p o sitio n  has been 
26stud ied  . The influence o f the su b s titu en ts  was re f le c te d  in  a value 
o f  p o f +2 . 2 .
Qxazoles exchange th e i r  C-2 hydrogen in  both n e u tra l18 and b a s ic  
24  25media ' . Staab e t . a l  reported  th a t  in  MeOD a t  60° the  exchange
ra te  o f the C-2 hydrogen o f benzoxazole (4b) was much slower than th a t
o f the more basic  compound, oxazole (18). This was in te rp re te d  in  terms
of exchange taking place by a ttack  o f the hydroxide ion on the oxazolium
cation  and n o t on the n e u tra l oxazole molecule . The ra te  o f exchange o f
benzoxazole (4b) in  EtO /EtOD was much fa s te r  than 'than in  EtOD
suggesting th a t  a ttack  by ethoxide ion on the n e u tra l molecule took p lace
under b a s ic  conditions2^ . In MsOD a t  60° benzothiazole exchanged the
18C-2 hydrogen fa s te r  than benzoxazole ( t x = 700 min and 2500 min
1 2
re sp e c tiv e ly ) . However in  MeO /MeOD benzothiazole was twenty tim es le s s
25.reac tiv e  than benzoxazole . Thus the  e ffe c t  o f sulphur in  making i t
more d i f f ic u l t  to form th e  conjugate acids o f th iazo les  and benzothiazoles
27i s  more pronounced than in  the oxazoles and benzoxazoles .
28Brown and Ghosh ca rried  out extensive in v estig a tio n s in to  the base-
catalysed  d eu te ria tio n  o f oxazoles. They found th a t the r a te  o f exchange
of the C-2 hydrogen o f  simple oxazoles increased w ith increasing  pH.
Oxazole (18) i t s e l f  undergoes d eu te ria tio n  a t  C-5 under extreme
conditions o f b a s ic i ty  (CH30Na in  CD3SOCD3) . The marked e f f e c t  o f
su b s titu en ts  on the 2 -deuteration  o f  oxazole was re f le c te d  in  a 40%
decrease in  ra te  fo r 4-methyloxazole, a 90% increase fo r  5-phenyloxazole
and a 300% increase fo r 5-chlorophenyloxazole, a l l  co n s is ten t w ith  the
16e lec tro n ic  nature o f each group. Haake e t  a l  stud ied  the ra te s  o f  
exchange o f the C-2 hydrogen in  3 ,4-dimethyloxazolium ion (12) over a
range o f pH and b u ffe r concen tra tions; the exchange reac tio n  was found to  
be cata lysed  by 0D~ w ith a small con tribu tion  from D20 o r 
b u ffe r base.
Unlike th e ir  thiazolium , imidazolium, and oxazolium analogues, the
selenazoles have n o t been extensively  stud ied . In comparing the chemical
29p ro p erties  o f th iazo les  and selenazoles Ochia e t  a l  concluded th a t  they 
were very s im ila r. Other workers30' 31 in v es tig a tin g  the re a c t iv i ty  o f 
the 2-p o sitio n  in  selenazoles towards nucleoph ilic  s u b s ti tu tio n , concluded 
th a t  selenazoles appeared to  be le s s  reac tiv e  than th ia zo le s . Hydrogen-
deuterium exchange a t  the C-2 p o sitio n  o f benzoselenazole (4c) in
-  24EtO /EtOD was stud ied  by Zatsepina e t  a l . Comparison o f the  ra te  o f
exchange in  EtO /EtOD o f the se r ie s  benzothiazole (4a), benzoxazole (4b)
and benzoselenazole (4c), ind ica ted  th a t  the re a c t iv i ty  o rder was
(4b.) > (4c) > (4a). I t  was suggested th a t a vacant d -o rb ita l  in  sulphur
or selenium had no e ffe c t  on the ra te  o f exchange under such cond itions.
The k in e tic  a c id ity  o f a C-H bond which i s  sp2-hybrid ized  a t  carbon 
can be dram atically  enhanced by the in troduction  o f ad jacen t p o s itiv e  
charge (s) and e lectronegative  atom (s). Replacement o f a $ C-H group in  
an imidazolium cation  by a pyrid ine-type n itrogen  atom y ie ld in g  the
1 ,2 ,4 -triazo lium  ion (19) leads to  a 103*5 acce le ra tion  in  the exchange
32  3 2ra te  . Vaughan and co-workers stud ied  the hydrogen-deuterium exchange 
a t  the C-3(5)-p o sitio n  o f 1 ,2 ,4 - tr ia z o le  (6 ) as a function o f  pH. The
H>v
33pD-rate p ro f i le  was s im ila r  to  th a t observed fo r imidazole ,
34  35  -19su b s titu ted  imidazoles ' , and th iazo le ' . The exchange reac tio n  was
not catalysed  by e ith e r  the base or acid  component o f the b u ffe r . The
proposed mechanism was co n sis ten t w ith rate-determ ining  y lid e  formation
(Scheme 6) .  A lte rn a tiv e ly , the ,4 -triazo lium  ion (23)
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i- O D
could replace the £L,4-2H2]]- l,2 ,4 -tr ia z o liu m  ion (20) in  th is  Scheme, 
leading to  the corresponding y lid e  (24). However y lid e  (24) w ith i t s  
adjacent lone p a irs  i s  l ik e ly  to  be f a r  le ss  s ta b le  than y lid e  (21) ,  in  
which the lone p a irs  are separated . CNDO/2 ca lcu la tions repo rted  in  the
09
l i te ra tu r e  ' suggest (20) i s  s l ig h tly  more s ta b le  than (23) and th a t
37(21) i s  markedly more s ta b le  than (24). S im ila rly , c a lcu la tio n s  on 
six-membered heteroaroma t i c  carb anions showed th a t  carbanions w ith 
adjacent lone p a irs  are le ss  s ta b le  than those w ith separated  lone p a ir s .  
Accordingly, d eu te ria tio n  v ia  (23) was reported  to  be n e g lig ib le  compared 
w ith d eu te ria tio n  v ia  (20). Support fo r  Scheme 6 came from the  find ing  
th a t a t  low ion ic  s treng th  the ra te  o f exchange was independent o f 
ion ic  s tren g th .
32
D(23) (24)
Addition o f two fu rth e r  n itrogen  atoms to  the imidazolium rin g  to  
form tetrazolium  s a l t s  enhances the k in e tic  a c t iv i ty  o f the C-H x
bond and, in  <fact, 1-su b s titu te d  te tra z o le s  are amongst the s tro n g est
37  'carbon acids o f th is  type - the reaction  h a lf - l iv e s  fo r  the base- ;
catalysed  deuterium incorporation  a t  C-5 o f a se r ie s  o f l -a ry l-4 -e th y l-
tetrazolium  cations (25) in  9N CF3002D are o f the order o f 1-20 min,
109 times as f a s t  as the corresponding imidazolium compounds6*, the base i s
thought to  be a combination o f H20 and CF3C02 . The weak base
p iperid ine  likew ise e a s ily  deprotonates the n eu tra l te tra z o le s . A tten tion
has been drawn to the p o s s ib i l i ty  th a t  ad d itio n a l n itrogen  atoms e x e rt an
/ C7HcN 2 5 
+
N
I
R
(25)
e ffe c t which is  more than purely  inductive: they can s ta b i l i s e  the 
carbene-form (28) o f the zw itterion  (27) by making new resonance forms 
possib le  in  which the negative charge can be d is tr ib u te d  over the 
add itional e lectronegative atoms (26). Thus io n isa tio n  i s  f a c i l i t a te d .
D euteriation o f  the C-5 hydrogen o f the paren t compound
381 ,2 ,3 ,4 - te tra z o le  (7) in  aqueous media was stud ied  by Wu . He found 
th a t the exchange reac tion  was very slow in  b a sic  media, w h ils t the ra te  
o f exchange in  ac id ic  media (DC&) increased w ith increasing  a c id ity . He 
concluded th a t  the predominant reaction  pathway involved the conjugate 
acid . A p lausib le  mechanism was suggested (Scheme 7).
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However, i t  was a lso  suggested th a t  exchange o f the C-5 proton could 
occur through a Wheland-type interm ediate (33).
N —z —/ N 1
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(33) (34)
The ra te  constant fo r  y lid e  formation fo r im idazole,
1 ,2 ,4 - tr ia z o le  and 1 ,2 ,3 ,4 - te tra z o le  were found to be 1 .0  * 10%
i i
1.78 x 108 and 109 M” 1 sec” 1 re sp ec tiv e ly . Olofson and co-workers1 
pointed out th a t th is  order o f r e a c t iv i ty  was co n sis ten t w ith  the increase 
o f an inductive e ffe c t  due to the increase in  the number o f n itrogen  atoms.
The pH-rate p ro f i le  fo r thede-deu teria tion  o f [5-2H ]-1-m ethyltetrazole
39(34) was more complicated than o r ig in a lly  a n tic ip a ted  . At pH > 5 the 
ra te  o f exchange increased  w ith increasing  pH, w h ils t in  the pH region 
3-5 the ra te  was independent o f the a c id ity . In the pH region 0 .5-2  the 
ra te  increased w ith increasing  a c id ity , and a t  pH < 0 .5  the ra te  
decreased with increasing  a c id ity .
1.2 EXPERIMENTAL
(a) M aterials
A ll the azoles were purchased commercially. Ih iazo le , benzoth iazole, 
benzoxazole and benzoselenazole were p u rif ie d  by vacuum d i s t i l l a t io n .
The *H nuclear magnetic resonance spectra  (nrnr) were in  good agreement 
those reported  in  the l i t e r a tu r e 40' 4*.
1 .2 .4 -T riazo le  was re c ry s ta ll is e d  th ree  times from a m ixture o f
benzene and absolute alcohol (4 :1 ). The m elting p o in t o f the p u r if ie d
m ateria l was 120-121°C ( l i t 42 121°). The nrnr spectrum was compared w ith
43th a t  in  the l i te r a tu r e  .
1 .2 .3 .4 -T etrazo le  was sublimed under vacuum and the m elting p o in t 
o f the p u rif ie d  sample was 156-157°C ( l i t 44 157-158°C). The nrnr spectrum 
was in  good agreement w ith th a t  reported  in  the l i t e r a tu r e 43' 45.
(b) Preparation o f t . r i t i a te d  compounds
[2-3H]Benzothiazole, [2 -3H]benzoxazole and [2 -3H]benzoselenazole 
were prepared by keeping a mixture o f the compound (0.4 g ) , dioxan (1 m&), 
t r i t ia te d 'w a te r  (50 ii£, 5 Ci/mil) and so lid  sodium hydroxide (h a lf  a p e l le t )  
fo r -48i~h a t  room temperature'. Then the mixture was decanted in to  a sa tu ra ted  
sodium chloride so lu tio n  (5 m&) and n e u tra lise d  w ith d ilu te  hydrochloric  
acid . The organic layer was ex trac ted  w ith e th e r (5 m&) and washed w ith  
water (twice) before being separated and d ried  over anhydrous sodium 
sulphate. ■ The e ther was evaporated o f f  and the liq u id  l e f t  behind was 
d i s t i l l e d  under vacuum.
[2 -3H]Thiazole, [3(5)- 3H ]-1 ,2 ,4 -tria zo le  and [5-3H ]te trazo le  were a l l  
prepared by d isso lv ing  50 mg o f su b s tra te  in  0.1 mil t r i t i a t e d  water 
(5 Ci/mJl) and the re s u lta n t  so lu tio n  kept a t  85° fo r  18 h , The t r i t i a t e d  
water was freeze -d ried  o f f ,  a small amount o f H20 was added to  exchange 
la b ile  hydrogens and the water once again removed.
The 1H nuclear magnetic resonance (nmr) and u l t r a -v io le t  (uv) sp ec tra  
o f the t r i t i a t e d  compounds were id e n tic a l w ith those o f the un labelled  
m a te ria ls .
(c) Reaction so lu tions
Freshly bo iled -ou t de-ionised  w ater was used to  prepare the reac tio n  
so lu tio n s . Analar grade reagents were used to  prepare b u ffe r so lu tio n s .
Sodium hydroxide so lu tions were t i t r a t e d  against standard potassium  hydrogen 
ph thala te  and were used as reac tio n  media in  the pH region 11^14. Hydro­
ch lo ric  acid  so lu tio n s , standardised against sodium hydroxide so lu tio n s , 
were used as reac tio n  media in  the pH region 0-3 , On the o th er hand, in  the 
pH region 3-10 formic acid/sodium form ate, a c e tic  acid/sodium  a c e ta te , 
t r i s  (hydroxymethyl) aminomethane/hydrochloric ac id , sodium borate/hydro-
46ch lo ric  acid  and sodium borate/sodium  hydroxide b u ffer systems were employed . 
A Coming 113 d ig i ta l  pH meter was used fo r the pH measurements and was 
standardised  a t  pH 4.008 and a t  pH 9.18 w ith 0.050 M potassium  hydrogen 
ph thala te  and 0.010 M sodium te trab o ra te  so lu tions re sp ec tiv e ly .
As the  k in e tic  investiga tions were c a rried  out a t  85.0° i t  was necessary 
to  determine the e ffe c t  o f temperature on the pH o f the b u ffe r systems/ ' 
employed. Two fac to rs  have to  be considered*, f i r s t l y ,  the tem perature de­
pendence o f the thermodynamic constant (K , -  log K = pK ) and, secondly,
cI a  a.
the v a ria tio n  of a c t iv i ty  c o e ffic ien ts  w ith tem perature. In  d i lu te  aqueous 
so lu tions the a c t iv i ty  c o e ffic ien ts  do no t dev ia te  considerably from u n ity . 
Consequently the major con tribu tion  a ris e s  from the f i r s t  term47.
The procedure fo r measuring the temperature dependence o f  the pH 
o f the b u ffer systems e n ta ile d  the use o f a Coming i l3  d ig i ta l  pH m eter, 
the instrum ent being standard ised  a t  each temperature by using standard 
b u ffer so lu tions (0.050 M potassium hydrogen ph tha la te  and 0.010 M 
sodium te trab o ra te )  o f known pH. The re s u l ts  are summarised in  Table 1.1. 
and Figure 1.1 .
The pH o f a c e tic  ^acid/sodium .acetate b u ffe r was found to  be temperature 
independent (Table 1.1) and i t  was assumed th a t  the  pH o f formate b u ffe rs  
and hydrochloric acid  so lu tions did no t change over the temperature range 
25-85°C.
The v a ria tio n  o f  the io n isa tio n  constant o f water (K^) w ith
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temperature is  w ell known , and the value o f pK^ a t  85° i s  12.50.
Hence a 0.100 M NaQH so lu tio n  a t  25°, fo r example, has a pH o f  
12.50 -  1.00 = 11.50 a t  85° ( i f  the change in  volume is  neglected  over 
th is  range).
(d) Rates o f d e t r i t i a t io n
Itoo methods were used to follow the ra te s  o f  d e t r i t ia t io n  from the 
lab e lled  compounds. The f i r s t  method50 involved e x trac tin g  the  compound 
from the reaction  so lu tio n  d ire c tly  using a toluene-based liq u id  
s c in t i l l a to r  and the tr it iu m  content o f the sample assayed in  the usual 
manner. This method was employed in  the case o f th ia z o le , benzo th iazo le , 
benzoxazole and benzoselenazole.
When the he te rocyc lic  compound could not be separated  from the
reac tio n  mixture by a so lvent ex trac tio n  procedure, i t  was separa ted  by a
51 ' 52—55freeze-drying method . Freeze-drying is  a w e ll-e s tab lish ed  technique
th a t consists e s se n tia lly  o f freezing  the reac tio n  so lu tio n  contain ing
the heterocyclic  compound and subliming the ice  a t  low tem perature and
pressure . The vapour i s  trapped by condensation as ice  on a 
cold su rface .
A ty p ica l procedure using th is  technique has been given in  d e ta i l  
51by 0 TBrien , and the same procedure was followed in  the p resen t work.
The apparatus used fo r freeze-drying  separa tion  i s  shown in  Figure 1 .2 .
(e) Liquid s c in t i l la t io n  counting
Most stud ies o f the ra te s  o f d e t r i t ia t io n  o f  carbon acids have
56been made a f te r  the development o f liq u id  s c in t i l la t io n  counting * The 
e sse n tia ls  o f  the method co n sis t o f d isso lv ing  the  t r i t i a t e d  sample in  a 
so lu tion  containing a s c in t i l la t io n  so lven t (usually  toluene) and so lu te  
(fo r example, 2 ,5 ,-d iphenyloxazole). This liq u id  s c in t i l l a to r  degrades 
and converts to  l ig h t  the energy em itted by the rad ioactive  iso tope . The 
l ig h t  energy is  then tran sfe rred  by the use o f a pho tom ultip lier tube to 
e le c tr ic a l  energy which is  am plified and detected . When i t  i s  necessary 
to count the tr it iu m  as t r i t i a t e d  w ater, a mixture o f to luene , xylene 
and ethanol has been employed but more w ater can be incorporated by using 
dioxan and naphthalene57; ethanol has a lso  been used as a so lv en t58,59.
In the p resen t work two liq u id  s c in t i l la to r s  were employed. A 
so lu tio n  o f 2,5-diphenyloxazole (PPO) in  toluene (3.4 g/£) was used to  
count the ra d io a c tiv ity  in  organic specimens, and a commercially av a ilab le  
liq u id  s c in t i l la to r ,  NE 250, (Nuclear E n terp rises L td.) which i s  capable 
o f accepting 20% (w/v) o f water w ith a reported  e ffic ien cy  o f 18% was 
employed fo r aqueous specimens.
The assay o f  rad ioactive  samples was c a rried  out on a Beckman LS-100 
liq u id  s c in t i l la t io n  spectrom eter. In a l l  the cases s u f f ic ie n t  counts 
were taken to  give a s t a t i s t i c a l  a c c u ra c y  o f  b e t te r  than ±0 . 2%.
(f) K inetic procedures
Because the concentration o f the t r i t i a t e d  compound i s  very low, the 
reac tio n  k in e tic s  w ill  follow f i r s t  order behaviour, and
Rate = -  = k[X] (1.1)
d t
k being the f i r s t  order ra te  constant. In teg ra tin g  th is  equation gives
[ x l
to  - 2-  = k t  (1 . 2)
D y
where [X 1 is  the i n i t i a l  concentration o f  the t r i t i a t e d  substance in  
so lu tion  and [ x j  i s  the concentration o f  the t r i t i a t e d  substance a t  
time t  .
In the case where one follows the decrease in  ra d io a c tiv ity  o f  
the substance, then
[Xo] « a o (1.3)
where aQ i s  the i n i t i a l  ra d io a c tiv ity  o f the exchanging substance, and 
[Xt ] « a t  (1.4)
a^ being the rad io a c tiv ity  o f the exchanging substance a t  time t  . 
Therefore the f i r s t -o rd e r  ra te  equation becomes
a
to  = k t  (1.5)
at
A p lo t  o f log a^ against t  w ill  therefo re  give a s tr a ig h t  l in e  w ith  a
kslope equal to -
2.303
The d e tr i t ia t io n  reactions o f th ia z o le , benzothiazole, benzoxazole 
and benzoselenazole were followed in  th is  way.
50 m& o f the reaction  so lu tio n  was e q u ilib ra ted  in  a therm ostat a t  
85.0° ± 0 .1 ° . The reac tio n  was in i t ia te d  by adding 10 ji£ o f a dioxan 
so lu tion  o f the azole; 5 mil samples were withdrawn a t  convenient time 
in te rv a ls  and in jec ted  in to  tubes containing 10 mil o f w ater and 10 mil o f 
liq u id  s c in t i l l a to r  (a 3.4 g/il so lu tion  o f 2,5-diphenyloxazole in  to luene). 
A fter shaking and allowing the layers to  separate  most o f the toluene 
layer was drawn o f f  and added to  a small quan tity  o f sodium sulphate in  
order to remove any traces  o f w ater. A known volume /(5 mil) o f  th is  
so lu tion  was then assayed fo r  i t s  tr it iu m  content. During the course o f 
the reaction  a fu rth e r e ig h t samples were withdrawn and the same procedure 
applied in  each case. I t  was customary p rac tic e  to follow the reac tio n  
over a t  le a s t  two h a lf - l iv e s .  Results obtained fo r the d e t r i t ia t io n  o f  
12 -3H]benzothiazole, fo r example, are given in  Table 1.2 and p lo tte d  in  
Figure 1.3 . The experimental accuracy was in  the range ±3-51.
In those experiments where the increase in  the ra d io a c tiv ity  o f  the  
so lvent was followed two procedures could be used. F i r s t ly ,  i f  the  
reactions were s u f f ic ie n tly  f a s t  they could be followed to  completion. In 
such circumstances
[ V  “  aoo C1 . 6)
and
[Xt ] “ Ooo -  at ) (1.7)
where a i s  the ra d io a c tiv ity  o f t r i t i a t e d  w ater a t  the end o f the 
reaction  and a^ i s  the  corresponding value a t  time t  . Equation (1.5) 
now takes the form
3oo
£ n ----------- = k t  (1 . 8)a -  a.00 t
so th a t a p lo t  o f logio (a -  a .)  vs t  gives a s tra ig h t  l in e  w ith a00
k
slope equal t o ---------- . A ty p ica l procedure consisted  o f  adding a
2.303
trace  quan tity  o f the lab e lle d  compound to 10 m2, o f an aqueous b u ffe r  
system a t  85°. 0.6 mi  samples were withdrawn a t  convenient time in te rv a ls
and frozen in  liq u id  n itrogen . Separation was achieved by freeze-dry ing  
and 0 .2  mil o f t r i t i a t e d  w ater was counted using a commercially av a ilab le  
liq u id  s c in t i l l a to r  (NE 250). Ihe in f in i ty  sample was taken a f te r  more 
than ten reaction  h a lf - l iv e s  had elapsed. In view o f the importance o f  
th is  r e s u l t  more than one sanple was usually  taken. In ad d itio n , 
advantage was taken o f  the fa c t  th a t  as the  compound was p resen t in  such 
low concentration, the e ffic ien cy  o f counting an unseparated a liq u o t was 
the same as th a t  fo r  a t r i t i a t e d  w ater a liq u o t o f the same volume. The 
constancy o f the tr itiu m  count o f an unseparated a liq u o t over the 
duration o f the experiment showed th a t  evaporation was n e g lig ib le .
Again reactions were followed over a t  le a s t  two h a lf - l iv e s ,  n ine samples 
being taken during each k in e tic  run. The experimental accuracy was the  
same as th a t  found fo r d e tr i t ia t io n  reactions using the so lven t 
ex trac tio n  procedure, i e .  ±3-5%. The d e tr i t ia t io n  o f [3 (5 )-3H ]-1 ,2 ,4 - 
tr ia z o le  was followed by th is  procedure (Table 1 .3 , Figure 1 .4 ) .
When the reac tion  h a lf - l iv e s  were g rea te r than s ix  hours a t  85°,
they were too slow to  follow conveniently by the conventional method and
an i n i t i a l  ra te  method was employed51' 60,61. I f  the reac tio n  is  le s s  
than 31 complete the fam ilia r equation fo r  the f i r s t - o rd e r  r a te  constant 
k (1.9) reduces to  (1.10)
k = l ~ h c  • (1-9)
k = X /t (1.10)
S im ila rly , equation (1.8) can be arranged to  give
t
k = -  *n-— 1----- (1 . 11)
1 _ ! tL  ::
a00
For a small f ra c tio n  o f the reac tion  «  l j  equation (1.11) reduces to  
at—  = k t (1 . 12)
aCO
A p lo t  o f a^ against t  w ill  give a s tra ig h t  l in e  w ith a slope
= ka , hence k can be calcu la ted .00
Experimentally the only d ifference from the conventional method i s  
th a t  a h igher concentration o f t r i t i a t e d  compound is  employed 
(a^ i s  usually  o f the order o f 106 cpm). Moreover, the i n i t i a l  ra te  
method is  very se n s itiv e  to  the presence o f trac e  in p u r it ie s  and i s  a lso  
experim entally more demanding. -Therefore, i t  was customary to  check 
th a t  the re s u lts  by th is  method agreed w ith those obtained by the 
conventional method. A ty p ica l run fo r  the i n i t i a l  ra te  method i s  given 
in  Table 1.4 (Figure 1 .5 ).
(g) S ta b il i ty  o f  the azoles in  ac id ic  and a lka line  media
As the k in e tic  runs in  the p resen t work were c a rried  out a t  85.0° 
over a wide range o f  pH varying from 1.0 M.acid to  1,0. M a lk a l i ,  i t  was 
important to  monitor the s ta b i l i ty  o f the various azoles under such 
conditions. U ltrav io le t and nuclear magnetic resonance spectroscopy 
were employed fo r th is  puipose.
In those cases where evidence o f  decomposition appeared i t  became 
customary p rac tic e  to  measure the ra te  o f the reac tio n . For example, 
in  the case of benzoxazole, the increase in  absorption in te n s ity  a t  a 
fixed  wavelength [X = 280 nm, pH (1-6); A = 300 nm, pH (7-11)] was followed 
A c e l l  which was therm ostatted  in  the instrum ent was employed.
A ty p ica l procedure involved p lacing  2 mil o f the reac tio n  so lu tio n  
in  the c e l l ;  th is  was allowed to  e q u ilib ra te  and 0.02  mil o f benzoxazole 
so lu tion  in  dioxan (1.5 mg/m£) was added. The change in  absorption was 
then followed and the f i r s t -o rd e r  ra te  constants were ca lcu la ted  by 
standard methods. A ty p ica l s e t  o f r e s u lts  i s  shown in  Table 1.5 and 
p lo tte d  in  Figure 1 .6 .
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TABLE 1 . 2
D e tr i t ia t io n  o f |2 -3H benzothiazole a t  85.0°± 0.1°C*
Time, t  R adioactiv ity  a t  time . Log10 a^ _(min) t ,  at  (cpm)
0 187,100 5.272
10 165,100 5.218
35 132,200 5.121
60 104,000 5.017
90 83,700 4,923
128 60,400 4,781
158 46,900 4.671
192 36,800 4.566
228 29,500 4.470
Slope = -  kobs/2.303 = - 6.18 x 10" 5 sec”1
kQbs * 14.2 x 10-5 sec”1
* Medium: 50 mil o f 0.025 M sodium borate  + 18.3 mil 
0 .1  M sodium hydroxide, d ilu te d  to 100 mJl 
pH a t  25° ■= 10.04
pH a t  85° = 10.04 - (60 x 0.008) = 9.56
TABLE 1 . 3
D e tr it ia tio n  o f [3(5)- 3H ]-1 ,2 ,4 -tr ia zo le  a t  85.0°± 0.1°C*
Time, t  
(min)
R adioactiv ity  o f  1H0 
a t  time t ,  a^ (cpm) a — a^00 t Log-io (a^ -  a t )
0 009,600 280,900 5.449
35 086,800 203,700 5.309
60 134,200 156,300 5.194
90 184,800 105,700 5.024
136 222,100 68,400 4.835
175 240,400 50,100 4.700
202 249,700 40,800 4.610
•240 265,000 25,500 4.407
275 271,500 19,000 4,279
0 291,200
500 290,000 a- oo(av) = 290,500
600 290,300
Slope = -  k , / 2 . 3 0 3  = 7 .3 7 'x 10 ' 1 sec”1
^obs 17,0 x lo~ 5 sec ' 1
* Medium: 41 m& of 0.20 M ace tic  acid  + 9 M  o f 0.20 M sodium a c e ta te , 
d ilu ted  to  100 m£. 
pH a t  25° = 4 .00 
pH a t  85° = 4 .00
TABLE 1 . 4
D e tr i t ia t io n  o f [5 -3H jte trazo le  a t  85.0°± 0.1°C* 
( I n i t i a l  ra te  method)
Time, t  R adioactiv ity  o f R adioactiv ity  o f reac tio n  
(min) THO, a^ (cpm) so lu tio n  (cpm)
0 1,800 764,000
30 5,200
60 8,200
90 11,300 765,200
120 14,900
150 17,100 767,400
210 23,400
240 26,700
280 31,400 761,000
\  a = 764,400V CO *
slope = k a^ = 1.77
kQbs = 2 .3 2  x 10”6 ( I n i t i a l  ra te  method)
k0bs: = 2.45 x 10“6 (Conventional method)
* Medium: 25.5 mil o f 0 .20' M ace tic  acid  + 24,5 mil o f 0,20 M
sodium a ce ta te . 
pH = 4.64 a t  25°. 
pH = 4 .6 4  a t  85°.
TABLE 1 . 5
Decomposition o f benzoxazole a t  85.0° 
in  0.00312 M sodium hydroxide
Time, t  
(min) Absorption, A. A -  A.OO t Logio (A» " V
5 0.054 0.578 -0.2381
20 0.184 0.448 -0.3487
30 0.252 0.380 -0.4202
40 0.310 0.322 -0.4921
i
50 0.358 0.274 -0.5622
60 0.400 0.232 -0.6345
70 0.432 0.200 -0.6990
80 0.461 0.171 -0.7670
90 0.490 0.142 -0.8977
400 0.632 = A 00
Slope = kdec—  = 12 .2  x 10“5 
2.303
kdec 28.2 x ,10“5 sec”1
9 . 7
8.7
7.7
303 313 323 • 333 343 353
Temperature (°K)
Figure 1 .1 . E ffec t o f temperature on the pH of: 0  sodium b o ra te /
sodium hydroxide, □ sodium borate /hydrochloric  acid  and O
t r i s  (hydroxymethyl) aminome thane /hydrochloric  acid  b u ffe r  system s.
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Figure 1 . 2 . Freeze-drying apparatus
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Figure 1 .3 . K inetic p lo t  fo r the d e t r i t ia t io n  o f [2 -3H]benzo- 
th iazo le  a t  85.0° and pH = 9 .6 5 .
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Figure 1 .4 . K inetic p lo t fo r the d e t r i t i a t io n  o f [3 (5 )-3H ]-1 ,2 ,4 - 
t r ia z o le  a t  85.0° and pH = 4.00
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Figure 1 .5 . K inetic p lo t  ( i n i t i a l  ra te  method) fo r  the  d e t r i t i a t io n  
o f [5 -3H ]tetrazo le  a t  85.0° and pH = 4.64.
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Figure 1 .6 . K inetic p lo t  fo r  the decomposition o f benzoxazole in  
0.00312 M sodium hydroxide a t  85.0°.
1.3 RESULTS
(a) [2 -3H] Thiazole
The d e tr i t i a t io n  o f [ 2 - 3H] th iazo le  was stud ied  as a function o f pH
a t  85.0°. The re s u lts  are presented in  Table 1.6 and are p lo tte d  in  the
form o f a pH-rate p ro f i le  in  Figure 1 .7 . The ra te  increases w ith 
increasing  pH and then lev e ls  o f f  in  a pH-independent region (6-10). A 
dramatic increase in  ra te  was observed a t  pH values in  excess o f 10.
In the pH range 1-12 th iazo le  can e x is t  as the pro tonated  (a t  N-3) 
form (BH+) and the n e u tra l form (B). Assuming th a t  the hydroxide ion i s  
the only c a ta ly s t -  th is  has been shown to  be the case fo r  many s im ila r  
reactions , the observed rate-pH p ro f i le  can be accounted fo r in  terms o f 
two reac tio n s , one between the protonated form and hydroxide ion being 
predominant a t  lower pH, and the o th er, between the n e u tra l form and 
hydroxide ion being increasing ly  im portant a t  high pH:-
Rate = k[BH+J[0H- ] + k'[B][0H_] (1.13)
I f  [B] i s  the to ta l  concentration o f [2- 3Hj th iazo le  then
[B].r = [B] + [BH+1 . (1 .14)
I f  Ka is  the acid  d isso c ia tio n  constant o f  protonated th ia z o le , then
K . M M . (1-15)
a  [BH*I
S ubstitu ting  (1.15) in to  (1.14) and so lv ing  fo r [BH+] gives
Sim ilarly  so lving fo r [B] gives
[B]x
B = g i - .  a .1 7 )
Ka
S u b stitu tin g  equations (1.16) and (1.17) in to  equation (1.13) gives
kK [B]t  k'K [OH-][b]t  
Rate = ---- - ---- — +    — (1.18)
Ka + P1+l Ka + t * * ]
As [H ]  remains constant during the  reac tio n ,
Rate = kQbs[B]T (1.19)
where k , i s  the p se u d o -firs t o rder ra te  constan t. Therefore
k = *** - + — —  [ a f ]  (1 . 20)
0 Ka + [H ] Ka + [H+]
Equation (1.20) p red ic ts  th a t  the r a te  o f exchange decreases w ith 
increasing  [H+] , and fo r [H+] «  Ka then,
kK
kobs = - *  + k * [ a n -  ( i . 2i )K
Hence, a p lo t  o f vs [OH J should give a slope o f  k f and ‘
kKw
in te rc e p t ----- . This is  shown in  Figure 1.8 w ith k' equal to
Ka
kK
4.75  x 10"3 M_1 sec”1 and —— = 17.5 x 10”5 sec”1 (corresponding to  the
V
value o f  k ^ on the p la teau  in  Figure 1 .7 ).
The ca lcu la ted  lin e  in  Figure 1.7 was drawn using equation (1.20)
kK
and the re la tiv e  ra te  R , i s  defined as a f ra c tio n  o f ----- . The pK
Ka
value o f 2.16 gave the b e s t f i t  to  the experimental r e s u l ts .  This was
the same value as th a t  ca lcu la ted  in  the following manner -
when [H+] »  Ka , the second term in  equation (1 . 20) can be neglected
and
kK
k , = ------- ----   (1 . 22)
°bS Ka + [H+]
The re la tiv e  ra te  o f  exchange, R , i s  then given by:
kK /kK K
R elative ra te  = R = ------- —----- /  —-  = ------    (1.23)
+ [H ] /  Ka K ♦ [H+]
Rearranging equation (1.23) and taking logarithm  leads to
pH = pK + log —5— (1.24)
a 1 -  R
RA p lo t  o f pH against l o g   should give a s tr a ig h t  l in e  o f  u n i t
1 — R
slope and an in te rc e p t a t  pH = 0 o f -pK . This i s  shown in  Figure 1.9
a
62The measured pK fo r th iazo le  a t  20° i s  2.52 which reduces to  2.16 a t  a
6385° i f  the sem i-enpirical P errin  equation (1^25)is  employed.
T is  the  temperature a t  which the pK_ i s  measured. Thus fo r th iazo leCL
(pKa = 2.52 a t  25°), the temperature c o e ff ic ie n t i s
2 52 -  0 9 -  ^  = -  5 . 5 3  x 10"*
293
Hence a t  85°, -
pK ' = 2.52 + 65 (- 5.53 x 10” 3) = 2 . 1 6SL /
(b) [2- 3H]Benzo th iazo le
The d e t r i t ia t io n  ra te  constants fo r [2 -3H]benzothiazole over the pH
range 0-12 a t  85.0° are given in  Table 1.7 and the pH-rate p ro f i le  i s  shown
in  Figure 1.10. The behaviour o f benzothiazole i s  thus s im ila r to  th a t
observed fo r th ia zo le . The so lid  lin e  in  Figure 1.10 was constructed  using
kK
the same ra te  equation as fo r  th iazo le  (1 .20), w ith —-- = 4.43 x 10”5sec"1
Ka
(value o f  k ,  on the p lateau) and pK = 0 .1 4 . The pK value was chosen 
ods a a
by a t r i a l  and e rro r  procedure to give the b e s t f i t  to  the experim ental
Rre s u l ts .  The same value was obtained from the p lo t  o f l o g --------
1 -  R
against pH (Figure 1 .11).
The value o f  k 1 which was obtained from the p lo t  o f  k ^s - a g a in st 
hydroxide ion concentration  (Figures 1 .12, Table 1.8) was found to  be 
equal to 6.52 x 10”2 M”1 sec"1. Buffer base c a ta ly s is  was in v es tig a ted  and 
the re s u lts  (Table 1.9) in d ica te  th a t the reac tio n  is  sp e c if ic a lly  ca ta lysed  
by hydroxide ions.
(c) [2 -3HjBenzoxazole
The ra te s  o f d e t r i t i a t io n  of [2 -3H]benzoxazole as w ell as the ra te ;  o f  
decomposition o f the unlabelled  compound were stud ied  over the pH-range 
(2-11) and a t  a temperature o f 85.0°. The observed ra te  constan ts are  
summarised in  Table 1.10.
The re s u l ts  show th a t  in  the pH range 1-6 the ra te s  o f hydrolysis 
and d e tr i t i a t io n  are almost the same. However in  the pH range 7-11 the 
ra te  o f d e tr i t ia t io n  is  almost 10 times fa s te r  than the ra te  o f 
decomposition.
The pH-rate p ro f i le  fo r the d e tr i t ia t io n  o f [2 -3H] benzoxazole 
(Figure 1.13) would be expected to be s im ila r  to  th a t o f  th iazo le  and 
benzothiazole i f  decomposition did  no t occur. However, a t  pH values in  
excess o f 6 the e f fe c t  o f decomposition on the exchange ra te  could be 
neglected , and the experimental re s u l ts  fo r  the d e tr i t ia t io n  reac tion  
could be f i t t e d  to  equation (1 .21). This i s  i l lu s t r a te d  in  Figure 1.13. 
The p lo t  o f k ^ against sodium hydroxide concentration (Figure 1.14) 
was s a t is f a c to r i ly  l in e a r  giving r i s e  to  a k ' value o f 0.975 M"1 sec” 1.
(d) [2- 3H] Benzoselenazole
The d e tr i t i a t io n  ra te  constants fo r [2 -3H]benzoselenazole a t  85.0°
are summarised in  Table 1.11 and p lo tte d  as a pH-rate p ro f i le  in
Figure 1.15. The behaviour o f benzoselenazole over the pH range 4-11
followed the same p a tte rn  as th a t  observed fo r  th iazo le  and benzothiazole. 
♦
The values o f k ' , obtained from a p lo t  o f k ^  against sodium 
hydroxide concentration (Figure 1 .16), was 0.136 M"1 sec"1.
At pH values le s s  than 4 the ra te  o f d e t r i t ia t io n  increased  w ith  
increasing  a c id ity , as was found previously  in  the case o f benzoxazole. 
This was a ttr ib u te d  to the decomposition o f benzoselenazole and confirmed 
by the fa c t th a t absorption spectra  changes were observed during the  
course o f a d e tr i t ia t io n  run whereas no changes were observed in  n e u tra l 
and basic  conditions.
(e) r3f5)-3H l-l,2 ,4-T riazole
Hie d e tr i t i a t io n  ra te  constants fo r [3 (5 )-3H ]-l ,2 ,4 - tr ia z o le  over 
the pH range 0-12 are presented in  Table 1.12 and p lo tte d  as a pH-rate 
p ro f i le  in  Figure 1.17. Ihe ra te  f i r s t l y  increases w ith increasing  pH 
and then leve ls  o f f  a t  a pH independent region (4-7). At pH values 
g rea ter than 7 the ra te  decreases w ith increasing  pH.
In the pH range studied  1 ,2 ,4 - tr ia z o le  can e x is t  in  th ree  forms, 
namely, n eu tra l 1 ,2 ,4 - tr ia z o le , tr ia z o le  cation  (protonation on N-2 o r 
N-4 )and 1 ,2 ,4 - tr ia z o le  anion (formed by io n isa tio n  o f the  N-l hydrogen). 
These th ree  forms can be represented by EH., BH2+ and B~ re sp ec tiv e ly .
I f
K, -  M M  (1 . 26)
[BHz ]
and
K' = j j l l i k l  (1.27)
[BHj
[B]t = [BH2+] + [BH] + [B”J (1.28)
S ubstitu ting  (1.26) and (1.27) in  (1.28) and so lv ing  fo r  [BH2+]
gives
Assuming th a t  the ra te  equation is  o f the form
Rate = k [BH2 +] [Off] (1.30)
then
Rate =
k[B]x [0H-] [H+]
K-. + -£-£• + [H ] 
a [H+]
K wM T
KaK’ r
V  P ]
Therefore
kK
kobs “  Z T ,  --- V - W
Ka + g + [H+]
on
Ihe re la tiv e  ra te  i s  defined as a f ra c tio n  o f the observed ra te  in  the
region where i t  i s  pH independent, i . e .  kK /K = 18.6 x 10”5 se c "1.w a
R = V (Ka 4 V i 7 ^ '  + ( I - 32)
The so lid  l in e  in  Figure 1.17 was constructed  using equation (1.32)
with pKa = 2.12 and pK^ = 8.7 a t  85°. Ihe f i r s t  value was determined
Rfrom the p lo t  o f log -------- against pH as shown in  Figure 1.18 and the
1 — R
second'value was chosen by t r i a l  and e rro r  procedure to  give the b e s t f i t  
to  the experimental r e s u l ts .  Both values are in  close agreement w ith  
pK (s) reported  in  the l i te r a tu r e 64, pK = 2.14 and pK! = 8.20 a t  85°
3. 3. 3.
when the Perrin  equation. (1.25) was employed (pK = 2.45 pK’ = 10.04 a t  25°)a a
-  4 0  -
(f) [5 -3H] Tetrazole
The d e t r i t ia t io n  ra te  constants fo r  [5-3H ]tetrazo le  over the pH 
range 2-12 a t  85.0° are presented in  Table 1.13 and p lo tte d  as a pH-rate 
p ro f ile  in  Figure 1.19.
In the pH region 2-5 the ra te  increased w ith decreasing pH before 
becoming independent o f pH over the range 6-10. At h igher pH values 
the ra te  increased again.
Ihe behaviour o f [5 -3H] te tra z o le  which i s  d if fe re n t from the o ther 
compounds in v es tig a ted  can be f i t t e d  to  the following ra te  equation:
kobs = kn +kH+tH+] +kCH-[«"l ■(!•»)
where kn is  the observed ra te  a t  the pH independent reg ion , k^+ i s  
the second-order ra te  constant fo r the hydronium ion cata lysed  reac tio n  
and kg^_ i s  the second-order ra te  constant fo r  the hydroxide ion- 
catalysed  reac tio n .
This equation was used to  construct the s o l id  l in e  in  Figure 1.19 
w ith k^+ = 4.16 x 1CT3 M_1 sec” 1 and k ^ -  = 7.35 x 1CT6 M"1 sec” 1. 
k^+ was determined from the slope o f the p lo t  o f k ^ aga in st hydrogen 
V ^ ion concentration (Figure 1.21) and kR = 1.02 x lO"6 se c"1.
In order to e s ta b lish  i f  the d e t r i t ia t io n  reac tion  was su b jec t to  
b u ffer c a ta ly s is , a s e r ie s  o f  experiments were performed using sodium 
ace ta te , a ce tic  acid  bu ffers having d if fe re n t  concentrations o f sodium 
ace ta te  and a ce tic  acid  but a constant b u ffe r r a t io  and io n ic  s tre n g th . 
The re s u lts  are shown in  Table 1.14. The v a ria tio n  in  ra te  was only 
m arginally g rea te r than the experimental e rro r  (estim ated as ±3-5%) 
and b u ffer base c a ta ly s is  could no t therefo re  be detected .
TABLE 1 . 6
D e t r i t i a t i o n  r a t e  c o n s t a n t s  f o r  [ 2 - 3H] t h i a z o l e
a t  8 5 .0 °  ± 0 .1 ° C
pH 25° pH 85° 1 0 5 k obssec” 1
R elative 
r a te ,  R
1.00 1.00 1.43 0.082
1.31 1.31 2.11 0.12
1.61 1.61 3.79 0.22
2.01 2.01 6.06 0.35
2.31 2.31 7.29 0.42
3.04 3.04 13.8 0.79
5.04 5.04 15.4 0.90
7.79 6.11 17.3 0.99
8.49 8.01 17.7 1.01
10.43 9.95 18.4 1.05
12.16 10.66 21.6 1.23
12.24 11.35 45.4 2.59
13.16 11.66 76.1 4.35
13.35 12.05 187 10.-7
13.85 12.35 309 17.7
TABLE 1 . 7
D e t r i t i a t i o n  r a t e  c o n s t a n t s  f o r  [ 2 - 3H ] b e n z o t h i a z o l e
a t  8 5 .0 °  ± 0 .1 ° C
pH 25° pH 85° 105 kobs sec-1
Relative 
r a te ,  R
0.04 0.04 1.93 0.44 .
0.26 0.26 2.45 0.55
0.38 0.38 2.83 0.64
0.62 0.62 3.27 0.74
0.79 0.79 3.96 0.89
1.11 1.11 4.40 0.99
2.07 2.07 4.88 1.10
3.62 3.62 4.51 1.01
4.04 4.04 4.17 0.94.
7.68 6.00 4.19 0.92
7.00 6.25 4.43 1.00
8.64 6.96 4.08 0.92
' 8.59 8.11 4.99 1.13
9.46 8.98 . 8.07 1.58
9.85 9.37 10.6 2.39
10.04 9.56 14.2 3.21
TABLE 1 . 8
D e t r i t i a t i o n  r a t e  c o n s t a n t s  f o r  [ 2 - 3H ] b e n z o t h i a z o l e
i n  so d iu m  h y d r o x id e  s o l u t i o n s  a t  8 5 .0 °  ± 0 . 1  °C
Sodium hydroxide 
concentrations 
mole £“ 1
105kobs 
sec~1
0.00104 10.1
0.00312 24.4
0.00520 37.5
0.00676 46.5
0.00884 58.3
0.01040 64.1
TABLE 1.9
E ffec t o f varying a c e tic  acid and sodium ace ta te  concentration  
on the d e tr i t i a t io n  o f [2 -3H]benzothiazole
0.1 M ion ic  s treng th  and 85.0°'±'0.1°C
A cetic acid Sodium ace ta te  ^q5 
pH 85° concentration  concentration  obs
. mole I ” 1 mole A"1 sec” 1
4.33 0.0086
4.33 0.0215.
4.33 0.0430
0.0040
0.0100
0.0200
4.20
4.32
4.17
TABLE 1 .1 0
D e trit ia tio n  ra te  constants (k ^ g ) fo r [2- 3H]benzoxazole 
and ra te  constants f ° r  the decomposition o f
benzoxazole a t  85.0° ± 0.1°C
pH 25° pH 85° 10 ^obs R elative ^  ^dec
sec"1 r a te ,  R sec” 1
2.60 2.60 1380 516 . 1570
2.73 2.73 1100 412
3.00 3.00 697 261 447
3.63 3.63 161 60.3 186
4.04 4.04 77.4 29.0
4.24 4.24 57.6 21.6
4.40 4.40 41.0 15.4 39.10
4.65 4.65 23.4 8.76
4.81 4.81 19.9 7.45
5.60 5.60 8.06 3.02 3.34
7.68 6.00 2.97 1.11
8.23 6.55 2.16 0.81
8.78 7.10 2.89 1.08
8.22 7.74 5.16 1.93 0.45
8.35 7.87 5.62 2.10
9.02 8.54 92.1 8.28 2.55
9.48 9.00 50.3 18.8
9.66 9.18 76.2 28.5
9.92 9.44 120 44.9 20.8
10.21 9.73 192 71.9
10.37 9.89 227 85.0
11.48 ' 9.98 307 115 28.2
11.70 10.20 490 184 43.2
11.93 10.43 785 294 69.3
TABLE 1 .1 1
D e t r i t i a t i o n  r a t e  c o n s t a n t s  f o r
[ 2 - 3H ] b e n z o s e l e n a z o l e  a t  8 5 .0 °  ± 0 ,1 ° C .
10s 1cobs R elativepH 25° pH 85° sec-1 ra te ,  R
1.03 1.03 142. 82.1
1.30 1.30 46.6 26.9
2.03 2.03 29.8 17.2
2.44 2.44 14.8 8.56
2.94 2.94 5.48 1.70
3.61 3.61 1.83 1.06
4.04 4.04 1.63 0.94
5.33 5.33 1.53 0.88
7.77 5.95 1.82 1.05
8.24 7.76 1.75 1.01
8.57 8.09 2.88 1.67
9.02 8.54 4.48 2.59
9.53 9.01 8.19 4.73
9.64 9.16 11.1 5.78
10.10 9.62 37.5 21.7
11.67 10.17 56.6 32.7
11.83 10.33 82.1 . 47.5
11.98 10.48 146 84.4
12.06 10.56 176 102
12.21 10.71 228 132
TABLE 1 .1 2
D e t r i t i a t i o n  r a t e  c o n s t a n t s  f o r
[ 3 ( 5 ) - 3H ] - 1 , 2 , 4 - t r i a z o l e  a t  8 5 .0 °  ± 0 .1 ° C
10s k . :D - -
pH 25° pH 85- _?bs R elative
se c " 1 r a te ,  R
0.26 0.26 0.88' 0.04.7
0.96 0.96 2.42, 0.13 ,
1.45 1.45 4.07 0.22
1.95 1.96 8.38 0.45/
2.35 2.35 11.4 0.61-
3.04 3.04 16.0 0.88
4.00 4.00 17.0 0.91
5.00 5.00 18.6 1.00
7.73 6.05 18.5 1.00
8.67 6.99 16.7 0.90 ‘
8.51 8.03 13.8 0.74
9.52 9.04 8.15 0.44
9.81 9.33 4.46 0 .24 '
10.46 9.98 2.36 0.13
13.00 11.50 0.88 0.047
TABLE 1 .1 3
D e t r i t i a t i o n  r a t e  c o n s t a n t s  f o r  [ 5 - 3H ] t e t r a z o l e
a t  8 5 .0 °  ± 0 . 1 ° C
pH 25° pH 85° 106 kobs sec_1
2.07 2.07 36.2
2.40 2.40 18.3
2.77 2.77 7.57
3.00 3.64 5.26
4.66 4.66 2.63
5.02 5.02 2.42
5.64 5.64 1.22
8.06 6.38 0.96
9.09 7.41 0.93
10.50 10.02 0.98
12.97 11.47 1.52
13.43 11.94 2.92
13.67 12.17 4.28
13.81 12.31 5.58
13.97 12.47 7.68
TABLE 1 .1 4
E ffect o f varying a c e tic  acid  and sodium ace ta te  concentration  on the 
d e t r i t i a t io n  o f [5 -3H ]tetrazo le  a t  0.1 M ion ic  streng th  and 85.0° ± 0.1 °C
A cetic acid Sodium ace ta te 106 kobsconcentration concentration
mole £_1 mole i T l sec” 1
0.0500 0.0500 2.63
0.0300 0.0300 2.57
0.0100 0.0100 2.36
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Figure 1 .7 . pH-rate p ro f ile  fo r the d e tr itia tio n  o f [2 -3H ]th iazo le  
a t  85.0°. O Experimental p o in ts . — C alculated using equation (1 .20).
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Figure 1 .8 . Rate o f d e t r i t ia t io n  o f [2 -3H ]thiazole in  sodium 
hydroxide so lu tions a t  85.0°. Slope (k ’) = 4.75 x 10"3 M’ 1 sec -1 .
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Figure 1 .9 . P lo t o f  pH against log (R/l - R) fo r [2 -3H ]th iazo le .
Slope = 1 .00. In te rcep t a t  pH = 0 ,  -2.16 = -pK .a
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Figure 1.10. pH-rate p ro f i le  fo r the d e tr i t i a t io n  o f  [2 -3H]-
benzothiazole a t  85.0°. o  Experimental p o in ts . . C alculated using
equation (1 .20).
pH 
at 
85
0 .3
0.2
0.1
.0
0 .4- 0.1 0.0 0.1 0.2 0 .3
Logio (R /l - R)
Figure 1.11. P lo t o f pH against log (R/l ~ R) fo r  [2 -3H]benzo~
th ia zo le . Slope = 1.00. In te rc ep t a t  pH = 0 , -0.14 = -pK .a
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Figure 1.12. Rate o£ d e tr i t ia t io n  o f [2 -3H]benzothiazole in  
sodium hydroxide so lu tions a t  85.0°. Slope (kT) = 6.52 x 10“2 
M-1 sec-1 .
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F ig u r e  1 . 1 3 .  p H - r a t e  p r o f i l e  f o r  t h e  d e t r i t i a t i o n  o f  [ 2 - 3H ] -
b e n z o x a z o le  a t  8 5 . 0 ° .  O  E x p e r im e n t a l  p o i n t s .  —  C a l c u l a t e d  u s i n g
e q u a t io n  ( 1 . 2 1 ) .
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Figure 1.14. Rate o f d e tr i t i a t io n  o f [2 -3H] benzoxazole in  
sodium hydroxide so lu tions a t  85.0°. Slope (kf) = 0.975 M"1 sec”1.
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F ig u r e  1 . 1 5 .  p H - r a t e  p r o f i l e  f o r  t h e  d e t r i t i a t i o n  o f  [ 2 - 3H ] -
b e n z o s e l e n a z o l e  a t  8 5 .0  °. o  E x p e r im e n t a l  p o i n t s .  —  C a l c u l a t e d
u s i n g  e q u a t i o n  ( 1 . 2 1 ) .
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Figure 1.16. Rate o f d e t r i t ia t io n  o f [2 -3H] benzoselenazole in  
sodium hydroxide so lu tions a t  85.0°. Slope (k1) = 0.136 M"1 se c "1
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Figure 1.17. pH-rate p ro f i le  fo r  the d e t r i t i a t io n  o f  1 ,2 ,4 -
[3(5)- 3H ]triazo le  a t  85.0°. o  Experimental p o in ts . ----
Calculated using equation (1 .32).
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Figure 1.18. P lo t o£ pH against log (R/l -  R) fo r  [3 (5)- 3H]-1 ,2 ,4 -
tr ia z o le .  Slope = 1.01. In te rcep t a t  pH = 0 , -2 .12 = -pK .a
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F ig u r e  1 . 1 9 .  p H - r a t e  p r o f i l e  f o r  t h e  d e t r i t i a t i o n  o f  [ 5 - 3H ]~
t e t r a z o l e  a t  8 5 . 0 ° .  o  E x p e r im e n t a l  p o i n t s .  — C a l c u l a t e d  u s i n g
e q u a t i o n  ( 1 . 3 3 ) .
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Figure 1.21. Determination o f  koH” f ° r  d e t r i t i a t io n  o f  
[5 -3H ]te trazo le . ■ ‘ ’
1 . 4  DISCUSSION
(a) Tritium-hydrogen exchange a t  the  C-2 p o sitio n  o f azoles containing
one n itrogen  and another heteroatom 
Mechanisms
Our work on these compounds ( [2 -3H] th ia zo le , [2 -3H]benzothiazole,
[2 -3H]benzoxazole and [2 -3H]benzoselenazole) in  conjunction w ith th a t  o f 
2other workers shows th a t  there are two mechanisms th a t can be brought 
in to  p lay . The firs t*  which is  operative  a t  low and in term ediate  pH values 
(pH < 5) involves a rap id  equilibrium  pro tonation  on .n itrogen followed 
by rate-determ ining  proton ab strac tio n  by hydroxide ion w ith the  form ation 
o f an y lid e  in term ediate. This in term ediate then reac ts  in  a f a s t  s tep  
w ith the  so lven t regenerating  the c a ta ly t ic  hydroxide ion . This mechanism 
is  i l lu s t r a te d  in  Scheme 8.
+ H -h fast
N +
H
+
OH
H fast
h 2o  +
V*
o"
N
H
■+
Scheme 8
The s e c o n d  m ech a n ism  w h ic h  i s  o p e r a t i v e  a t  h i g h e r  pH v a l u e s
i n v o l v e s  p r o t o n  a b s t r a c t i o n  fro m  t h e  n e u t r a l  s p e c i e s  b y  h y d r o x id e  i o n
a s  sh ow n  i n  S ch em e 9 .
-  oo -
+  o h " slow + h 2o
Scheme 9 O H
H
The fa c t  th a t  the v a ria tio n  in  ra te s  o f d e tr i t i a t io n  w ith pH are in  
good agreement w ith the  th e o re tic a l ra te  p ro f i le s  constructed  on the 
assumption th a t one or both o f these mechanisms are operative  i s  
g ra tify in g . Further support fo r our views stems from the find ings4 th a t  
the quaternary s a l t s  o f some o f the azoles stud ied  in  th is  work ca ta ly se  
the benzoin condensation. Breslow found th a t  many thiazolium  and 
benzothiazolium s a l t s  w ith hydrogen a t  C-2 are ac tiv e  c a ta ly s ts  fo r  
th is  reac tion  whereas those w ith a methyl group a t  the C-2 p o s itio n  
were not a c tiv e . In an exactly  analogous manner to the Lapworth mechanism 
fo r the cyanide catalysed  benzoin condensation, a thiazolium  y lid e  should 
be able to ca ta ly se  the benzoin condensation, as shown in  Scheme 10. The 
add ition  o f the y lid e  to  a carbonyl group shows th a t  there  i s  a la rge
65
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Sclieme 10
amount o f carbanion character in  the reac tiv e  p o s itio n . The observation
2o 66th a t th iazo le-2 -carboxy lic  acid  and benzothiazole-2-carboxylic acid
are rea d ily  decarboxylated v ia  zw itterion  interm ediates which lose carbon
dioxide to produce y lid e  in term ediates (Scheme 11) gives an in d ica tio n
o f the s t a b i l i ty  o f the y lid e s .
+'
H
Scheme 11
The mechanism fo r exchange ou tlined  in  Scheme 8 requ ires
pro tonation  o f the molecule a t  N-3 . Evidence to support th is  view has
19been found by various workers. Olofson e t  a l  pointed out th a t  the 
s i t e  o f pro tonation  fo r th iazo le  should be on n itrogen  due to  the 
observation th a t the second-order ra te  constants fo r the form ation o f  
y lid es  from protonated th iazo le  and 3-ethylth iazolium  iodide were n early  
the same. S im ilarly  the  s i t e  o f p ro tonation  o f benzimidazole (N-3) i s  
w ell e s tab lish ed 3. However molecular o rb i ta l  ca lcu la tions9on th iazolium  
ion give r is e  to ir-densities which ind icated  p a r t i a l  p o s itiv e  charge on 
both sulphur and n itrogen  bu t most o f the charge i s  on sulphur as 
represented in  (35).
The d ifference  in  the shape o f the pH-rate p ro f ile s  fo r the
d e tr i t ia t io n  o f [2 -3H] th iazo le  (Figure 1.7) and [2 -3H] benzo th iazo le
67 *5(Figure 1.10) from those o f  [2 -3H] imidazole and [2-3H|benzimidazole
(bell-shaped) can be ascribed  to the absence o f an ion isab le  N-H group
adjacent to  the exchanging hydrogen. The second mechanism (Scheme 9) i s
there fo re  more im portant a t  high pH values fo r the former compounds than
fo r the l a t t e r .  Sim ilar reasoning would apply to  the shape o f  the pH-
ra te  p ro f i le s  fo r [2 -3H]benzoxazole and [2 -3H]benzoselenazole (Figure 1.15)
a t  high pH values. Sim ilar behaviour to  the l a t t e r  has been observed in
the d e tr i t i a t io n  o f su b s titu ted  [8 -3H ]-9-alkylpurines69, [8 -3Hjadenosine70,
71 '[8 -3H] guanosine and [8-3H|-9-methylhypoxanthine .
/
R elative ra te s  o f  hydrogen exchange' \
To ob ta in  re la tiv e  ra te s  o f  hydrogen exchange o f d if fe re n t  su b s tra te s  
a t  a sp e c if ic  p o s itio n , the exchange k in e tic s  must be run under comparable 
reac tio n  conditions. Also the mechanisms fo r the exchange reac tio n s o f  
the su b s tra tes  should be the same, otherwise m isleading inform ation may 
be obtained.. Accordingly, to compare the r e a c t iv i t ie s  o f the 1 ,3 -azo les 
investiga ted  in  our work, the two pathways involved in  the exchange 
should be considered separa te ly .
1. Exchange o f the protonated su b s tra tes
Comparison o f the second-order ra te  constants (k) fo r the
d e t r i t ia t io n  o f the protonated form o f benzoxazole, benzothiazole and
benzoselenazole (Table 1.15) gives the following r a t io  -  3.2 : 2.6 : 1 .
Ihe re la tiv e  exchange ra te  is  in  the order o f increasing  e le c tro n e g a tiv ity
(0 > S > Se) o f  the atom cr to the carbon atom undergoing exchange.
72This is  in  accordance w ith the nmr data  on protonated benzoazoles which
shows th a t  the chemical s h if ts  fo r the C-2 protons o f benzoxazole came 
a t  co n sis ten tly  h igher f ie ld  than fo r benzothiazole and benzoselenazole.
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The chemical s h i f t s  r e f le c t  the tendency of the heteroatom to  con tribu te  
e lectrons to  the cy c lic  resonance s tru c tu re s .
The much g rea te r exchange ra te s  fo r  the protonated benzo thiazolium  and
benzoselenazolium cations than that- fo r  benzimidazolium cation  .(fac to rs  o f
1500 and 590 respec tive ly ) i s  an in d ica tio n  o f the im portant ro le  o f  the
vacant d -o rb ita l (in  the case o f sulphur and selenium) in  s ta b il iz in g
the tra n s it io n  s ta te  leading to  y lid e  formation. A s im ila r  ra te
enhancement can be found by comparing the second-order ra te  constants
67(k) fo r th iazo le  and imidazole (77:1) (Table 1 .15). These observations 
are in  agreement w ith the findings o f Haake e t  a l  fo r thiazolium  and 
imidazolium cations (re la tiv e  ra te  103,5:1 re sp ec tiv e ly ).
The add ition  o f  a benzene rin g  deactivates the exchange a t  the 
C-2 p o s itio n  o f the protonated th iazo le  which i s  re f le c te d  in  the f i r s t -  
order ra te  constants fo r the d e tr i t ia t io n  o f th iazo le  Ck = 17.5 x 
10"5 sec-1) and benzothiazole (k0^s = 4.43 x lO"5 sec"1) a t  the pH
18independent region. Sim ilar findings have been reported  by Staab e t  a l  
who found th a t  in  MeOD a t  60° benzothiazole exchanges i t s  C-2 hydrogen 
th ree  times slower than th ia zo le , and benzoxazole exchanges eleven ' 
times slower than oxazole. S im ilar ra te  enhancement can be found 
comparing the f i r s t -o rd e r  ra te  constants fo r the d e t r i t i a t io n  o f  
imidazole67 and benzimidazole3 (kQ^  = 100 x 10"5 sec"1 and 78.7 x 1CT5 
sec"1, re sp e c tiv e ly ) .
\
XThe sm aller ra te  o f  exchange fo r benzoazole over i t s  paren t 
compound can be a ttr ib u te d  to  the inductive e f fe c t  o f the benzene rin g  
(electron-w i thdrawing). S im ilar e ffe c ts  have been reported  fo r  the 
d e tr i t ia t io n  o f su b s titu ted  benzimidazoles . Our r e s u lts  together w ith  
those o f the previous workers give fu rth e r  evidence fo r the viewpoint 
th a t the predominant pathway o f  the C-2 exchange involves hydroxide 
ion a ttack  on the protonated molecule in  the rate-determ ining  s te p . The 
in troduction  o f an electron-w ithdraw ing group would drive  the i n i t i a l  
equilibrium  (Scheme 8) to  the l e f t  and would cause a decrease in  the
observed ra te . On the o ther hand the opposite r e s u l t  would be expected
aAfc*- ch
i f  the rate-determ ining  step  involves hydroxide io n ^ n  the n e u tra l molecule
The logarithm  o f the second-order ra te  constants (k) fo r  the
reaction  o f the protonated azoles and hydroxide ion is  found to  be
l in e a r ly  re la te d  to the pK 's  (fo r p ro tona tion ). This example o f aa
73Bronsted re la tio n sh ip  (slope = 0.7) i s  i l lu s t r a te d  in  Figure 1.22.
The advantage o f  such a re la tio n sh ip  i s  th a t  i t  can be used to  p re d ic t
the ra te  o f  d e tr i t ia t io n  o f  o ther azoles provided, o f course, th a t  th e i r
pK ’s are known. A lte rn a tiv e ly , from the ra te s  o f d e t r i t i a t io n  the pK *s a i a
o f some azoles could be estim ated.
The d e t r i t i a t io n  reactions o f the  protonated 1 ,3 -azo les are ca ta ly sed  
by hydroxide ion bu t no t by o ther bases. The re s u lts  in  Table 1.9 fo r  
[2 -3H] benzo th iazo le  are an i l lu s t r a t io n  o f th is  behaviour which has 
been observed by previous workers fo r example, in  the d e t r i t i a t io n  o f  
protonated benzimidazoles3 and pu rines69. S im ilarly  Haake e t  a l 16 found 
overwhelming OD c a ta ly s is  fo r 1 ,3 ,4-dimethylimidazolium ion (16) add 
3 ,4-dimethyl thiazolium  ion (13) w ithout de tectab le  ace ta te  c a ta ly s is .
Imidazole
Benzimidazole
Thiazole
1 ,2 ,4 -T riazo le
Benzothiazole
Benzos elenazole
Benzoxazole
3
2
1
0
© 1
43210
pKa a t  85°
Figure 1.22. P lo t o f log k (k, second order ra te  constant) 
fo r the d e tr i t i a t io n  o f various azoles as a function o f th e ir  pKa
However c a ta ly s is  by DPCV was detected  fo r 3-benzyl-4-methyl thiazolium  
ion (36) w ith a Bronsted 3 c o e ff ic ie n t o f around 0 .7 . Overwhelming 
hydroxide ion c a ta ly s is  w ith 3 g rea te r than 0.9 was obtained for 
3-benzyl-4 ,5-dimethyl thiazolium  bromide (37) and 3-benzylbenzothiazolium 
bromide (38)74. One fac to r which may be responsible fo r the overwhelming
CH: C H X .H2 6 '5 
GH3 ^ .
'S
(36) CH3 > \
— N +J
CH2C6H5
Br
M ;CH2C6H5 
Br
(37)
OH c a ta ly s is  i s  the p o s s ib i l i ty  th a t  reac tio n  o f  these he te ro cy c lic  
carbon acids d iffers from many proton tra n s fe r  reactions in  th a t  the  
negative charge i s  ex tensively  lo ca lised  and l i t t l e  so lven t and 
s tru c tu ra l reorganization  i s  necessary fo r exchange to take p lace . When 
carbon acids deprotonate in  a step  th a t involves considerable so lven t 
and s tru c tu ra l reorgan ization  to give a resonance de localised  anion the 
ra te  o f back pro tonation  (k-g) is  u sually  slow and le ss  than k^
(Scheme 12). Such acids ex h ib it general b a se -ca ta ly s is  and the  primary
k.
C-H + B B^  C . .  .HB ■ C . .  .DB — C-D + B
-3
Scheme 12
isotope e ffe c ts  usually  f a l l  in  the range 3-8 . However when none o f  
these fac to rs  are im portant the energy■ b a r r ie r  fo r  repro tonation  i s  slow 
and the ra te  o f p ro tonation  competes favourably w ith the r a te  o f  
replacement o f hydrogen by deuterium or tr itiu m  from the so lven t a t  the
carbanion s i t e  (k^). In  these circumstances Brbnsted 3-exponents o f
2un ity  and low primary k in e tic  isotope e f fe c t  are the ru le  . Although we
have no t measured any primary k in e tic  e ffe c ts  i t  i s  in te re s tin g  th a t  the
75k^/kx values obtained fo r benzothiazole and various thiazolium  
12 76s a l ts  ' were low (in  the range 1 -5 ). Molecular o rb i ta l  c a lcu la tio n s 
o f c a tio n -to -y lid e  deprotonation and o f n eu tra l molecule to anion 
deprotonation energ ies, assuming the t r a n s it io n  s ta te  resenbled the
y lid e  or anion, p red ic ted  re a c t iv i t ie s  which were su b s ta n tia lly
. 3 3 , 7 5  co rre c t .
2. Exchange o f the n eu tra l su b s tra tes  -
The second-order ra te  constants fo r the hydroxide-catalysed 
d e t r i t i a t io n  o f n eu tra l 1 ,3-azoles (k 1) are summarised in  Table 1.15, 
Comparison o f  the second-order ra te  constants in  the se r ie s  benzoxazole 
benzothiazole and benzoselenazole, gives the r a t io  15:1 :2 . The e ffe c tiv e  
ness o f the heteroatom in  increasing  the ra te  o f  exchange a t  the  C-2
i
p o sitio n  is- therefo re  0 > Se > S. The re la tiv e  second-order r a te
constants fo r  benzoxazole and benzothiazole (15:1) can be compared w ith
those reported  by A ttanasi77 and Foa e t  a l 25 (20:1) fo r  the C-2
d eu te ria tio n  o f these two compounds although these  re fe r  to  somewhat
d if fe re n t  experimental conditions. These re s u lts  are in  sharp c o n tra s t
to  the frequently  ascerta ined  view th a t  the enhanced s ta b i l i s a t io n  o f
the a-carbanion by the adjacent sulphur heteroatom through d -o rb ita l  
2 78overlap ' i s  the  predominant e f fe c t .
The p a r t ic ip a tio n  o f the d -o rb ita l  in  the s ta b i l is a t io n  o f  an
79—81a-carbanion adjacent to sulphur has been questioned by various authors 
Some workers go as fa r  as to  say th a t  the  d -o rb ita l does not p a r t ic ip a te  
a t  a l l  bu t th a t  sp e c if ic  e le c tro s ta t ic  in te ra c tio n  is  responsib le  fo r 
the observed e f fe c ts 80' 82,83. S tre itw iese r e t  a l 84 proposed th a t the 
p rin c ip a l mechanism o f s ta b i l is a t io n  o f carbanions by ad jacen t sulphur 
i s  by p o la r isa tio n . The e f fe c t  o f the induced dipole may be symbolised 
by s tru c tu re  (39). P o la r is a b il i ty  i s  a quan tity  th a t  measures the amount
- c — r-
(39)
a = I I I ! !
3 A
o f d is to r tio n  (change in  size) su ffered  by the  e lec tro n  cloud when a u n i t
amount o f energy i s  supplied. The s ize  o f an atom, as re f le c te d  in  i t s
85radius (r) i s  re la te d  to i t s  p o la r is a b il i ty ,  (a ) , by equation (1.34) 
where A re fe rs  to  the average energy d ifference  between the ground 
s ta te  and the excited  s ta te ;  a was found to  be 2.34 and 0.675 fo r 
sulphur and oxygen resp ec tiv e ly . On th is  b asis  an a-carbanion ad jacen t to  
sulphur would be more s ta b le  than those ad jacent to  oxygen.'
This s itu a tio n  can be modified fo r benzazoles i f  i t  was thought 
th a t  the n itrogen  atom a t  p o sitio n  3 could produce a p o la r is a tio n  
g rea ter than th a t o f sulphur fo r the oxygen-containing benzazole.
S im ilarly , selenium would be expected to  have a higher p o la r is a b i l i ty  
( la rg e r atomic size) than sulphur and, accordingly, the a-carbanion 
adjacent to  selenium is  s ta b il is e d  to  a g rea te r ex ten t than th a t  
containing an adjacent sulphur atom. .These two fac to rs could account fo r  
the higher d e tr i t ia t io n  ra te  constant (k1) o f  benzoselenazole over 
benzothiazole.
(1.34)
The add ition  o f a benzene rin g  ac tiv a te s  the exchange r a te  a t
the C-2 p o s itio n  o f n eu tra l th ia zo le . This i s  re f le c te d  in  a 14-fold
ra te  enhancement o f th iazo le  over benzothiazole (Table 1.15) and can be
ascribed  to  the inductive e f fe c t  (electron-withdrawing) o f a benzene
rin g  in  s ta b i l is in g  the carbanion. This i s  in  agreement w ith
26A ttanasi .and co-workers who . found th a t  electron-w ithdraw ing
su b s titu en ts  (-C£,-N02) a t  the 5-p o s itio n  o f benzothiazole increased
the ra te  o f  m ethoxide-catalysed d e u te ria tio n  a t  the C-2 p o s itio n ,
whereas an e lec tro n -re lea s in g  su b s titu en t (-CH3) had the opposite e f f e c t .
S im ilar observations are reported  by Elvidge e t  a l  fo r the v
d e tr i t ia t io n  o f n eu tra l adenosine70 and guanosine71 a t  the  C-8 p o s itio n
The ra te  constants were g rea te r than those fa r  the paren t compounds
(adenine, guanine) and could be a ttr ib u te d  to  the electron-w ithdraw ing
e ffe c t  o f the  9-3-D-ribofuranosyl group. They a lso  found th a t  the r a te
constants fo r the d e tr i t ia t io n  o f  9 -t-bu ty lpu rine  a t  the C-8 p o s itio n
were sm aller than those fo r 9-isopropylpurine in  l in e  w ith the  g rea te r
69e lec tro n -re lea s in g  power o f  the former .
The r a t io  o f  second-order ra te  constants fo r the hydroxide-catalysed 
d e tr i t ia t io n  of the protonated and the n eu tra l azoles (k /k r) i s  shown in  
Table 1.15. In a l l  cases th is  i s  g rea te r than 108 and can be ascribed  
to the inductive e ffe c t  o f a p o s itiv e ly  charged n itrogen . However o th e r 
e ffe c ts  such as resonance s ta b i l is a t io n  o f the y lid e  or g rea te r 
s-ch arac te r o f the C-H bond o f the protonated species making i t  more 
ac id ic  than in  the n eu tra l species, may be con tribu ting  fa c to rs . These
ra te  enhancements are s im ila r to those found in  the d e t r i t i a t io n  o f
3 69su b s titu ted  benzimidazoles and purines
(b ) T r it iu m - h y d r o  g e n  e x c h a n g e  a t  t h e  C - 3 ( 5 )  p o s i t i o n  o f
[ 3 ( 5 ) - 3h ] - 1 , 2 , 4 - t r i a z o l e
The re s u l ts  fo r  [3(5) - 3H]-1 ,2 ,4 - tr ia z o le  (Table 1 .13, Figure 1.17) 
are co n sis ten t w ith a mechanism involving a ttack  by the hydroxide ion 
on the protonated compound (Scheme 8). Unlike the findings fo r the 
d e tr i t ia t io n  o f the o ther azoles where the second mechanism involving 
a ttack  by hydroxide on the n eu tra l compound (Scheme 9) comes in to  p lay  a t  
high pH values, th is  was no t observed fo r 1 ,2 ,4 - tr ia z o le . The bell-shaped
pH-rate p ro f i le  i s  s im ila r to th a t reported  fo r  the d e t r i t i a t io n  o f
67 3imidazole and benzimidazoles which a lso  undergo exchange by the
same exchange mechanism and which also  have an ion isab le  N-H*'
group adjacent to  the reac tion  cen tre . This leads to  the form ation o f
the anion and makes the exchange by another mechanism le ss  a t t r a c t iv e .
The e f fe c t  of rep lacing  a 3-CH group in  imidazole by a py rid ine-type
n itrogen  is  re f le c te d  in  the 89-fold increase in  the second-order r a te
constant (k) in  1 ,2 ,4 - tr ia z o le . This ra te  enhancement i s  c o n s is ten t
w ith the in troduction  o f  a fu rth e r inductive e f f e c t ,  brought about by
the presence o f an add itional e lectronegative  n itrogen  atom ad jacen t to
the exchange s i t e .
Conparison o f the second-order ra te  constants fo r the d e t r i t i a t io n
o f protonated 1 ,2 ,4 - tr ia z o le  and protonated th iazo le  in d ica te s  th a t  the
exchange ra te s  are nearly  equal (Table 1 .15). This suggests th a t  a
v ic in a l p a ir  o f  n itrogen  heteroatoms (as in  the 1 ,2 ,4 -tria zo liu m  cation )
s ta b il is e s  the five-membered y lid e  to about the same ex ten t as a s in g le
sulphur heteroatom. This i s  in  agreement w ith the findings o f  Vaughan 
32and co-workers .
( c )  T r i t iu m - h y d r o g e n  e x c h a n g e  a t  t h e  C -5 p o s i t i o n  o f  [5 — 3h ] t e t r a z o l e
The tritium -hydro gen exchange a t  the C-5 p o s itio n  o f 
[5 -3rf[ te tra z o le  exh ib ited  a d if fe re n t behaviour from the o ther azo les . This 
. i s  i l lu s t r a te d  in  the. pH-rate p ro f i le  (F igure-1.19) suggesting th a t  
o ther mechanisms, besides the two general mechanisms proposed previously  
(Schemes 8 and 9) fo r the o ther azoles could be opera tive .
In the pH range 2-5 the ra te  o f exchange increases w ith increasing
38a c id ity . This observation i s  in  agreement w ith the findings o f  Wu
who investiga ted  the C-5 d e u te ria tio n  o f te tra z o le  in  the same pH range.
The d e-d eu te ria tio n  o f [5 -3H[-1 -methy 1 te tra z o le  gave r i s e  to  s im ila r 
39re s u lts  . The reac tio n  seems to  be sp e c if ic a lly  catalysed  by hydronium
39 40ions. A possib le  mechanism, suggested by Olofson e t  a l and Wu , 
which can f i t  such re s u l ts  would be prequilibrium  N -protonation followed 
by C-D(T) io n isa tio n  (Scheme 13). This pathway i s  k in e t ic a lly  
equivalent to  the extensively  stud ied  hydrolysis reac tions o f e s te rs  -
N N N N
II +  H30+ 
N
H H
N
+ OH
H
(4 0 ) Schem e 1 3
86 87and amides ' . A lte rn a tiv e ly , e le c tro p h ilic  aromatic su b s ti tu tio n
mechanism involving pro tonation  a t  C-5 w ith H30 followed by T 
loss w ith water as a base, as shown in  Scheme 14, i s  a possib le  pathway.
N--------- N I
II + H p + ----:---►11 3 H \
N
/ \
+ U
N  
f
H
Scheme 14
H2 °
In the pH region 5-11 the a c id ity  independent term, kn i s  
predominant. The schemes which f i t  th is  r e s u l t  are as follow s:
(1) an equilibrium  N-protonation ( f i r s t  step  in  Scheme 13) followed 
by rate-determ ining  hydroxide ion a ttac k  on the cation form ed, 
giving r is e  to  an y lid e  in term ediate (40);
(2) an io n isa tio n  mechanism in  which the  anion (41) i s  generated by 
a ttack  of H20 (and any o ther nucleophiles besides OH p resen t 
in  so lu tion) as base on the n eu tra l molecule (Scheme 15);
(3) a pathway equivalen t to e le c tro p h ilic  su b s titu tio n  mechanism bu t 
w ith H20 as the acid  and OH as the base.
T1 N
H Scheme 15 H ^  ^
In the pH range 11-12 the kg^[OH ] term p re v a ils . Ihe m echanistic 
pathways which f i t  the exchange are :
(1) simple hydroxide ion a ttack  on the n e u tra l molecule leading  to  
the formation o f  the anion (41);
(2) the reac tio n  o f  the n e u tra l molecule, o r i t s  conjugate base, w ith 
H20 to form a interm ediates (42) and (43) re sp ec tiv e ly , which 
could then undergo slow hydroxide catalysed  proton removal.
N——— N N— — -N
H +
\
\
H
t  'N  
; I
H '
(42) (43)
The exchange behaviour o f te tra z o le  in  th is  region is  s im ila r  to  th a t  
observed fo r the 4 (5 )-p o sitio n  o f imidazole and 4 -position  o f  pyrazo le. 
The p resen t k in e tic  da ta  could no t however d if fe re n t ia te  between these  
possib le  pathways and c le a r ly  more work is  requ ired .
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CHAPTER 2
K inetics and Mechanism o f  D e tr i t ia t io n  o f 
Various H istid ine  D erivatives
2 .1  INTRODUCTION
The imidazole ring  system as represented in  h is tid in e  (1) plays an 
important ro le  in  the function  of numerous p ro te in s1. There i s  some 
evidence to  suggest th a t  the imidazole group is  c lose to  the  ac tiv e  
s i te ( s )  o f try p sin , chymotrypsin, ace ty lch o lin es te rase , ribonuclease 
and a range of o ther enzymes. This was obtained from blocking agent
experiments, and by examining the stoichiom etry of the rea c tio n s . Weil
2  3e t  a l  and Jandorf e t  a l , fo r example, found th a t ,  a f te r  complete
in a c tiv a tio n  of chymotrypsin by photo-oxidation, one o f the  two h is t id in e
residues and three o f the  seven tryptophans were oxid ised , w ith  l i t t l e
or no lo ss o f the o ther amino acids measured. In the s im ila r  in ac tiv a tio n
of ribonuclease4, which contains no trytophan , the only group a ffec ted
was h is t id in e . Three o f the four h is t id in e  residues are  lo s t  a t  f u l l
in ac tiv a tio n  (and th ree  moles o f 02 were taken up) and one *
h istid ine- a t  74%- in ac tiv a tio n . . .The p a r t ic u la r  importance ..
o f h is tid in e  stems from i t s  acid  base p ro p e rtie s . Unlike o ther amino
acids where io n isa tio n  and pro tonation  is  r e s t r ic te d  to the -OOOH and
-NH2 groups, h is tid in e  contains the imidazole function  which can a lso
serve as an acid (2) or as a base (1) in  the physio log ical pH range.
Consequently the pK values associated  w ith these groups are o f
considerable in te r e s t .  ■ - ■
HOOC— CHCH, 
I f  
NhU
N
N
A
+ H
+
- H +
N - H
.+  /
HOOC— CHCH2 ^ \
I N
• n h 2 ^
CD (2)
In  c o n tra s t to  most amino acids where ra te s  o f base-cata lysed  
exchange o f  C-bound hydrogens are  usually  very slow and can only be 
accelera ted  by c e r ta in  procedures (for example, through an azalactone 
in term ediate6) ,  the C-‘2 hydrogen o f the imidazole r in g  o f  h is t id in e  i s  much
7  ,
more la b ile  . The d e u te ria tio n  o f the C-2 hydrogen o f imidazole was f i r s t
8 9reported by Staab e t  a l ' who found th a t  the h a l f - l i f e  o f the  exchange 
was 700 minutes in  D20 a t  37°. Exchange a t  the C-2 p o s itio n  d id  not 
occur in  D2S0tj over the course o f a day a t  37°, n o r ,in  CD3C00D during
qfive  days . • More recen tly  the  k in e tic s  o f the C-2 d e u te ria tio n  o f 
imidazole a t  65° and 70° in  D20 a t  various pD values was; in v es tig a ted  
by Wu e t  a l 10. Analysis o f the ra te  p ro f i le  ( i . e .  dependence o f ra te s  
upon pD) led  to  the conclusion th a t the exchange involved two p a ra l le l  
processes, namely rate-determ in ing  proton a b s trac tio n  from the 
imidazolium ca tion  by D20 and also  by OD to  give the y lid e  (3 ),
followed by d eu te ria tio n  as shown in  Scheme 1. Further support fo r th is  
scheme comes from the find ing  th a t  1-methyl imidazole undergoes C-2 
d e u te ria tio n  in  D20 a t  room tem perature whereas imidazole needs a 
higher tem perature. This suggests th a t  the imidazole anion i s  no t the 
reac tiv e  species11.
H
H
D
° 2°
D
( 3 )
•D
d 2 o h
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D
+ HOD
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H
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Rate = ka [Im ] [D20] + ^ [ Im  ][0D '] (2 .1)
I t  then follows th a t  the p se u d o -firs t o rder r a te  constan t i s  given by: 
kQbs = (ka [i)20] [i)+] + kbKu^ /K a +  [D+] (2 .2)
where
[Im][D+] 
[Im+]
K (2.3)
and
V o  = PHOD-] (2 .4)
16Equation 2.2 accounted fo r the observed pH dependence o f the exchange .
12Bradbury e t  a l were concerned w ith the k in e tic s  o f the C-2
d e u te ria tio n  under mild conditions and determined the pK values12' 13
v  a
o f various su b s titu ted  imidazole and h is t id in e  compounds which serve as 
model compounds fo r the exchange behaviour in  p ro te in s . They found th a t  
the exchange ra te s  were co n sis ten t w ith the proposed mechanism fo r 
imidazole10' 11 and exh ib ited  a sigmoidal increase w ith increasing  pH 
with the  in f le c tio n  p o in t a t  the pK o f the exchanging group. For compounds 
which con tain  a separate  ion isab le  group (-G00 ,-NH3+) s i tu a te d  near the 
C-2 p o s itio n , the k in e tic s  were complicated because o f  the d if fe re n t  
ra te  constants fo r  the reac tio n  o f OD w ith two forms o f the compounds.
For example w ith h is tid in e  the two reac tiv e  forms were designated 
+ND3Im+DCOO (His2+) and ND2Im+DC00 (His+) , where the former : 
s tru c tu re  represen ts the p o s itiv e ly  charged forms o f the amino group and 
imidazole rin g  o f  h is tid in e  and the charged form o f the carboxyl group.
By moving the charged amino group away from the C-2 p o s itio n  the r a te  
constants decrease gradually  from the value o f 14.4 M”1 min-1 in  
L -h is tid ine  (1) to a value o f 5.0 M 1 min” 1 in  g ly cy l-L -h istid in e  (4) ,and
4.6 M"1 min"1 in  (3-a lan y l-L -h is tid in e  (5 ). At high pH where the charge 
in  L -h istid ine  has been removed the r a te  constant has a value o f  
2.8 M-1 min-1 . In  the  same way, by e lim inating  the negative ly  charged 
carboxyl group the ra te  constants increased . For example, the  r a te  
constants are 2.9 M_1 min-1 and 6.4 M-1 min-1 fo r imidazole a c e tic  ac id  (6) 
and imidazole resp ec tiv e ly , and 14.4 M” 1 min-1 and 24 M-1 min-1 fo r 
l -h is t id in e  and histam ine (7). Both e ffe c ts  were explained by a simple 
e le c tro s ta t ic  mechanism in  which the  ra te  o f a ttack  o f OD was increased  
by a nearby p o s itiv e ly  charged group and decreased by a nearby negative ly  
charged group12.
o
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The exchange o f the C-2 hydrogen o f h is t id in e  o f the tr ip e p tid e
•7
g lycy l-L -h istidy l-g lyc ine  (8) was investiga ted  by Markley e t  a l  . They 
found th a t  a t  pH 6.5 and 40° in  H20 the h a l f - l i f e  fo r the exchange w ith 
tr it iu m  (from t r i t i a t e d  water) was 4 days, whereas a t  the  same pH in  D20 
the h is tid in e  C-2. deuterium lab e lled  g ly cy l-L -h istidy l-g lyc ine  was 
t r i t i a t e d  w ith a h a l f - l i f e  o f 30 days. The magnitude o f  the primary iso tope .
e f fe c t14 (k^/kjj = 7.5) supported the proposal o f a hydrogen tra n s fe r  in  a rate-
determining step  o f  the reac tio n 10' 11' 13.
Of a l l  the hydrogen atoms in  a na tive  p ro te in , only two kinds give 
separa te ly  resolvable peaks in  a normal nuclear magnetic resonance 
spectrum. These are the nitrogen-bound protons o f the tryptophan indole 
group and the C-2 protons o f  the h is t id in e  imidazole group15. I f  the 
p ro te in  contains severa l h is tid in e  resid ues, the imidazole C-2 hydrogen 
peak o f each can o ften  be reso lved , because o f the d ifferences in  pK& 
values. Consequently there  has been considerable in te r e s t  in  using 
nuclear magnetic resonance spectroscopy in  determining pK values o f  
h is tid in e  residues in  p ro te in s7 ,15-16.
A decrease in  the in te n s ity  o f  h is t id in e  C-2 hydrogen resonances
o f some p ro teins was noticed when samples had been allowed to  stand
several weeks in  D20 a t  room tem perature15. Meadows and co-workers'16
made use o f th is  reac tio n  to assign  one o f the four h is t id in e s  in  r ib o -  . . r
:18nuclease (Figure 2.1) as H is-I2  . Bradbury and Chapman - prepared p a r t i a l ly
exchanged ribonuclease in  which deuterium incorporation  in to  the
h is tid in e s  was in  the order His-Hx> His-H2 > His-Ht, > His-H3. The lev e l
o f H is -12 was co n sis ten t w ith the previous assignment o f Meadows e t  
16a l  . Complete d i f fe re n t ia l  lab e lin g  o f the C-2 hydrogens o f  h is t id in e
Figure 2.1. S tructure o f ribonuclease . Two-dimensional 
schematic diagram showing the arrangement o f the d isu lf id e  
bonds and the sequence o f the amino acid  residues. Arrows 
in d ica te  the d irec tio n  o f the  peptide chain s ta r t in g  from 
the amino acid .
residues in  four p ro te in s , namely, bovine ribonuclease A (4 h is t id in e s ) , 
soybean try p sin  in h ib ite r  (2 h is t id in e s ) , chicken ovomucoid (4 h is t id in e s )  
and staphylococcal nuclease (3 h is t id in e s ) ,  has been achieved by 
Markley e t . a l 7, They proposed th a t 'd i f f e r e n t ia l  exchange o f  thef : C-2 - 
hydrogens .of- h is tid in e  side  chains in  na tive  p ro te ins could be‘ used as - 
an assignment, too l fo r  the h is t id in e  nmr. peaks in  p ro te in s5. - Assignment 
may be ^made by cleaving the exchanged p ro te in  in to  peptides contain ing  
only sing le  h is tid in e  residues, separating; the pep tides , id e n tify in g  the 
lo ca tio n  o f each .peptide in  the-amino acid  sequence and analysing the - 
ex ten t o f deuterium, exchange- by nmr spectroscopy. This method has the
advantage o f being c o m p le te ly  independent o f x-ray and chemical d a ta .
The only lim ita tio n  is  th a t the cleavage and separation  o f the peptide 
must be ca rried  ou t under conditions where back exchange i s  minimal. By
5
a s im ila r procedure Markley made use o f  the method o f Ohe and co-workers 
fo r follow ing tr it iu m  exchange in to  the h is t id in e  C-2 hydrogens o f 
ribonuclease to assign  the nmr peaks o f  th is  p ro te in .
19Matsuo e t  a l  proposed th a t pK values o f h is tid in e s  in  p ro te in sa
may be obtained from the pH dependence o f tr it iu m  incorpora tion  in to  the
C-2 hydrogens. They obtained a pK o f  5.2 fo r the sing le  h is t id in e  o fa
chicken egg lysozyme. This procedure, however, may lead to erroneous 
re s u lts  as the exchange ra te s  in  p ro te in s may be sub ject to  unusual 
fa c to rs , fo r example, s te r ic  e f fe c ts , c a ta ly s is  by neighbouring groups 
and a c c e s s ib il i ty  o f the h is tid in e  residue to  the so lven t .
I t  has been reported  th a t the l in e  width o f h is t id in e  C-2 13C-nmr
resonances o f  p ro te in s can be reduced s ig n if ic a n tly  by deuterium
20su b s titu tio n  of the d ire c tly  bonded C-2 proton , I t  was suggested 
th a t  d if f e re n t ia l  h is tid in e  C-2 d eu te ria tio n  reac tio n  could be u se fu l as 
a means o f se le c tiv e ly  sharpening and assigning h is t id in e  resonances in•j
13C-nmr spectra  o f p ro te in s  .
2 . 2  EXPERIMENTAL
(a) M aterials
A ll the compounds were commercially a v a ilab le . The nuclear
magnetic resonance (nmr) and in fra  red  ( i r )  were co n sis ten t w ith the
21 22reported l i t e r a tu r e  data  '
(b) P reparation  of t r i t i a t e d  compounds
[2-3H] Histamine and g ly c y l- [2 -3H ]-L -h is tidy l-g lyc ine  were prepared 
by keeping a mixture o f the  compound (100 mg) and HTO (0.1 mil, 5 Ci/md) 
in  a sealed tube a t  85° fo r  3 h . The t r i t i a t e d  water was free ze -d rie d  
o ff ; a small amount o f H20 was added to  exchange la b ile  hydrogens and 
the water was once again removed.
G lycyl-[2 -3H ]-L -h istid ine was prepared by keeping the  hydrochloride 
s a l t  (50 mg) in  HTO (0.06mJl, 5 Ci/md) in  a sealed  tube a t  85° fo r 3 h .
The t r i t i a t e d  water was freeze-dried o f f  and the product was washed sev era l 
times w ith water to  exchange la b ile  hydrogens. The so lid  was then 
dissolved in  water and the so lu tion  was n e u tra lise d  w ith d i lu te  sodium 
hydroxide so lu tion  and the mixture was again freeze -d ried .
The *H nmr spectra  o f the t r i t i a t e d  compounds were id e n tic a l  w ith  
those o f the  un labelled  m ate ria ls .
(c) Reaction so lu tions
The procedure fo r  preparing the reac tio n  so lu tions used fo r  the  
k in e tic  in v es tig a tio n  was the  same as those employed in  the  d e t r i t i a t io n  
stud ies o f various azoles (Chapter 1, Section 1 .2 , ( c ) ) .  In  p a r t ic u la r  
the b u ffe r systems were id e n tic a l.
(d) K inetic procedures
The ra te s  o f d e t r i t i a t io n  were measured by following the increase 
in  the ra d io a c tiv ity  o f the  so lvent in  the same manner as discussed in  
the previous chap ter, (Chapter 1, Section 1.2 ( f ) ) .  Separation was 
achieved by freeze-d ry ing . Results obtained fo r  the d e t r i t i a t io n  o f 
[2 -3Hjhistam ine, fo r  example, a re  given in  Table 2.1 and p lo tte d  in  
Figure 2.1.
(e) S ta b il i ty  o f the h is tid in e  d e riv a tiv es  in  ac id ic  and a lk a lin e  media
The s t a b i l i ty  o f the h is t id in e  deriva tives were/monitored by 
u l tr a v io le t  and nuclear magnetic resonance spectroscopy using the same 
experimental conditions as were employed fo r the d e t r i t i a t io n  experim ents. 
Decomposition o f the su b s tra tes  were n eg lig ib le  during the  d e t r i t i a t io n  
period .
-  1LU -
TABLE 2.1
D e tr it ia tio n  o f [2 -3H]histamine a t  85.0° ±.0,1°C*
Time, t  
(min)
R ad ioactiv ity  o f 1H0 
a t  time t ,  a^ (cpm) a - a^ 00 t Log10(a^ -  at )
0 6,800 162,600 5.211
5 22,900 146,500 5.166
10 37,800 131,600 5.119
20 62,300 107,100 5.030
25 72,300 97,100 4.987
30 78,700 90,700 4.958
40 97,700 71,700 4.856
50 109,800 59,600 4.775
70 128,300 41,100 4.614
0 169,300
300 169,800 a (av) =* GO ‘ 169,400
600 169,200
Slope = -  kQb /2.303 = 14.3 x 10" 5 sec"1
^obs 32.9 x 10-5 sec-1
* Medium 19.9 mil o f 0.10 M t r i s  (hydroxymethyl)amino ethane +
30.1 mil o f 0.10 M hydrochloric acid , d ilu te d  to 100 mil. 
pH a t  25° = 8.32 
pH a t  85° = 6.64'
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Figure 2.2. K inetic  p lo t  fo r the d e t r i t i a t io n  o f [2 -3H]histamine 
a t  85.0° and pH = 6.64.
2 . 3  RESULTS
(a) [2 -3 H] Histamine
The d e t r i t i a t io n  o f [2 -3H]histamine was studied  as a function  o f  
pH a t  85.0°. The re s u l ts  are  presented in  Table 2.2 and are p lo tte d  in  
the form o f  a pH-rate p ro f i le  in  Figure 2 .3 .
In  the pH range stud ied  histam ine can e x is t  in  four forms namely,
n eu tra l h istam ine, BH, protonated histam ine, BH2+ (pro tonation  on N-3
2 +o f im idazole), diprotonated histam ine, BH3 (protonation on the  N-3 
p o sitio n  o f imidazole and the amino group o f the side' ch a in ), and 
histam ine anion, B (io n isa tio n  o f the N-l hydrogen o f im idazole). The 
to ta l  concentration  o f histam ine [B] ,^ can be represented  by 
equation 2.5
I f  the re levan t d isso c ia tio n  constants are given by the  follow ing 
equations:
[B]t = [BH|+] + [BH2+] + [BH] + [B- ] (2.5)
Ka
[BH2+J [H+] 
[BH|+]
(2 .6)
[B~] [H+] 
[BH]
(2.7)
[BH] [H+] 
[BH2+]
(2 . 8)
e q u a t io n  2 .5  t a k e s  t h e  fo r m  ( 2 . 9 ) ,
[B]t = [BH, ] +
Ka [BH 3+] KaK” [BH^ +]
+
[H+] [H+] 2
Rearranging equation 2.9 gives equation 2.10
p i -[BH. ] =
K K K" K K'K"a a a  _j_ a a a
[H+] [H+] 2 [H+] 3
By a s im ila r procedure i t  can be shown th a t  equation 2.11 holds
[B].
[BH2 ] = —
m+, K" K’K"I + . J S -1  +  +  a  a
Ka [H+] [H+] 2
Assuming a ra te  equation o f the form (2.12)
Rate = k i [BH3+] [OH- ] + k 2 [BH2+] [OH- ]
we have equation 2.13
k !Kw[B]T 
Rate = ----------------------
K K”  K K’K" 
[H ] + K + -9 -S  + - ^ - a a
a ' [H+] [H+] 2
k2KwP ] T
( 2 . 9 )
(2.11)
(2 .12)
( 2 . 1 3 )
Therefore
kobs
kiK1 w
. KK" K K'K"
[H ] .+ K + -± T2£
3 P  ] [H ]
k , K  C 2 * 1 4 >‘2 w
, ni+12 K'K"
[H ] + - E J -  + K" +
Ka a [H ]
+ kiK
For K" < K1 «  fH ]< K , k , = ---- — , corresponding to  the f i r s t
d - d -  d.  ODS ^
in f le c tio n  o f the S-shaped curve. This value was found to  be equal to
31.1 x 10” 5 sec-1 and k x = 11.0 x 103 M-1 sec-1 . S im ilarly  fo r
k K
<[H+) < K^ f , -^obs = "~K"^  corresponding to the second in f le c t io n  o f 
the S-shaped curve; th is  value was found to be equal to  67.0 x 10"5 sec-1 
and k2 = 23.8 M"1 sec"1.
The ca lcu la ted  lin e  in  Figure 2.3 was constructed  using equation
kiK
2.14 and by defin ing  the r e la tiv e  r a te ,  R , as kQbs /  —■ • P^a
Ka
values were chosen by a t r i a l  and e rro r  procedure to  give the b e s t f i t
to the experimental r e s u l ts .  These values were found to  be
pK = 4.95, pK" = 7 .9 5  and pK* = 12.8. The f i r s t  two values compare a a a
23w ell w ith those reported  in  the l i t e r a tu r e  (pK = 6.04, pK1' = 9.75a a
a t  25°). By using the sem i-em pirical P e rrin  equation24 a t  85° the
corresponding values w il l  be pK -  5.01, pK" = 7.97.a a
(b) Glycyl- [2- 3h1 -L -h is tid in e
The d e t r i t i a t io n  ra te  constants fo r g ly c y l- [2-3H ]-L -h istid ine
over the pH range 3-13 are presented in  Table 2.3 and p lo tte d  as a
pH-rate p ro f i le  in  Figure 2.4. The exchange behaviour o f  glycyl-L-
h is tid in e  i s  somewhat d if fe re n t  from th a t  o f  histam ine (Figure 2 .3 ).
The f i r s t  in f le c tio n  ( re f le c tin g  the io n isa tio n  o f the amino group) in
the pH-rate p ro f i le  o f  the l a t t e r  was no t observed, and a be ll-shaped
pH-rate p ro f i le  was obtained. The d e t r i t ia t io n  reac tio n  therefo re
25resembles th a t  observed fo r imidazole , 1 ,2 ,4 - tr ia z o le  (Section 1 .3  ( e ) ) ,  
26 27benzimidazole and purines under s im ila r conditions. A r a te  equation 
which can f i t  these re s u l ts  would be o f the form:
Rate = k[BH2+] [OH- ] (2.15)
where BH2+ i s  the protonated form o f the molecule. By a s im ila r  
treatm ent to  the ra te  equation assumed fo r the d e t r i t i a t io n  o f  
1 ,2 ,4 - tr ia z o le  (Equation 1.30) equation 2.16 can be obtained.
kK
kobs = — ----     (2-16)K K*
K + J L S  -  [II ] 
a [H ]
where K is  the  d isso c ia tio n  constant o f  the imidazolium ca tio n  and a
i s  the d isso c ia tio n  constant o f n eu tra l imidazole (N-H bond). The 
re la tiv e  r a te ,  R , i s  defined as a f ra c tio n  o f  the observed r a te  on the
p la teau , i e .  kK^/Ka , which i s  equal to  81.4 x 10"5 se c"1.
R = Kaf Ka + <KaKa/[H+]) + [H+] J C2-17)
The so lid  lin e  in  Figure 2.4 was constructed  using equation 2.17 
w ith pK = 5.60 and pK’ = 12.80 a t  85°. These values were chosen
cL 3.
by a t r i a l  and e rro r  procedure to  give the b est f i t  to  experimental
re s u l ts .  • The f i r s t  value compares w ell w ith the  l i te ra tu re -  - —
28 n • 24value (pK = 6.85 a t  21 ) when the sem i-em pirical P e rrin  equation a
is  employed (pK a t  85° = 5 .56). a
(c) G lycyl-[ 2 -3H ]-L -h istidy l-g lycine
The d e t r i t i a t io n  ra te  constants fo r  g ly c y l- [2 -3H ]-h is tid y l-g ly c in e
over the pH range 3-13 are  presented in  Table 2.4 and p lo tte d  as a
pH-rate p ro f i le  in  Figure 2 .5 . The exchange behaviour was s im ila r to
th a t  o f g lycy l-L -h is tid ine  and the so lid  l in e  was constructed using the
kie,
same r a te  equation (2 .17), w ith —— = 55.5 * 10"5 sec 1 (value o f k .
Ka
on the p lateau) and pK = 5 .2 5  and pK’ = 1 2 .8  (values th a t  give thea a
b e s t f i t  to  the..experimental r e s u l ts . .  The f i r s t  value compares w ell
28with th a t  reported  (pK = 6.63 a t  21 ) when ..the sem i-em pirical P e rrin
. .  cL
24approximation - i s  enployed (pK = 5.38 a t  85°).- a
TABLE 2 . 2
D e t r i t i a t i o n  r a t e  c o n s t a n t s  (L 0b s )  f o r
[ 2 - 3H ] h is t a m in e  a t  8 5 .0 °  ± 0 . 1 °
105 kpH 25° pH 85° obs R elative
sec-1 r a te ,  R
3.01 3.01 0.84 0.027
4.02 4.02 2.27 0.073
4.96 4.96 12.9 0.42
5.70 5.70 23.9 0.77
7.63 5.95 28.3 0.91
8.32 6.64 32.9 1.06
8.68 7.00 33.8 1.09
9.07 7.39 36.5 1.17
8.21 7.73 39.5 1.27
8.57 8.09 51.2 1.65
8.75 8.27 53.0 1.70
9.07 8.59 64.9 2.08
9.48 9.00 67.2 2.16
9.88 9.40 68.7 2.21
11.83 10.33 67.2 2.16
12.97 11.47 67.2 2.16
13.33 11.83 62.4 2.01
13.68 12.18 55.3 1.78
13.95 12.45 40.4 1.30
TABLE 2 . 3
D e t r i t i a t i o n  r a t e  c o n s t a n t s  (k 0b s )  f ° r
g l y c y l - [ 2 - 3H ] - L - h i s t i d i n e  a t  8 5 .0 °  ± 0 . 1 °
pH 25° pH 85° 10 kobs R elative
sec-1 r a te ,  R
3.01 3.01 1.82 0.022
4.50 4.50 2.64 0.032
5.20 5.20 18.4 0.23
5.64 5.64 26.6 0.33
7.75 6.07 58.8 0.72
8.38 6.70 74.4 0.91
9.09 8.61 81.8 1.01
9.43 8.95 81.0 1.00
12.05 10.45 82.1 1.01
13.00 ' 11.50 80.6 0.99
13.70 12.20 69.0 0.85
14.00 12.50 49.3 0.61
TABLE 2 .4
D e t r i t i a t i o n  r a t e  c o n s t a n t s  ( k 0b s )  f o r
g l y c y l - [ 2 - 3H ] - L - h i s t i d y l - g l y c i n e  a t  8 5 .0 °  ± 0 . 1 °
pH 25° pH 85°
io 5 oho
sec"1
R elative 
r a te ,  R
3.07 3.07 0.26 0.018
4.00 4.00 1.73 0.032
4.64 4.64 6.87 0.12
5.02 5.02 13.0 0.23
7.00 5.32 28.5 0.51
7.38 5.70 39.5 0.71
7.93 6.25 52.0 0.93
9.01 7.53 54.1 0.97
9.13 8.65 55.8 1.01
10.50 10.02 55.6 1.00
12.97 11.47 55.2 1.00
13.67 12.17 46.9 0.85
14.00 12.50 36.7 0.66
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Figure 2.3. pH-rate p ro f i le  fo r  the d e t r i t ia t io n  o f  [2- H]- 
histam ine a t  85.0°. o  Experimental p o in ts . —  C alculated using  
equation (2 .14 ).
R
el
at
iv
e 
ra
te
1.0 XT
0.8
0.6
0.4
0.2
0 .0
12106 842
pH a t  85°
Figure 2.4. pH-rate p ro f i le  fo r the  d e t r i t i a t io n  o f g ly c y l- [2 -3H]- 
L -h is tid ine  a t  85.0°. O Experimental p o in ts .—  C alculated using 
equation 2.17.
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Figure 2.5 . pH-rate p ro f i le  fo r the d e t r i t i a t io n  o f  g ly c y l- [2 -3H]- 
L -h is t idy l-g lycine  a t  8 5 .0 ° .o  Experimental p o in ts . —  C alculated 
using equation 2.17.
2 .4  DISCUSSION
The v a r ia tio n  in  the  ra te s  o f  d e t r i t i a t io n  a t  the C-2 p o s itio n  o f 
the imidazole r in g  in  the h is tid in e  d e riv a tiv es  w ith pH shows th a t  
exchange i s  brought about by a ttac k  of hydroxide ions on the protonated • 
forms giving r i s e  to  y lid e  in term ediates. This i s  confirmed by the 
closeness o f the experimental re s u l ts  to  the th e o re tic a l curves 
constructed using the r a te  equations expressed in  terms o f th is  mechanism 
(Figures 2 .3 -2 .5 , Tables 2 .2 -2 .4 ). This i s  o f course common to  many 
other he te rocyc lic  compounds26.
The bell-shaped pH-rate p ro f i le  obtained fo r  the d ipep tide
g lycy l-L -h istid ine  (4) and the tr ip e p tid e  g ly cy l-L -h is tid y l-g ly c in e  (8)
25 25resembles th a t  found fo r imidazole , 1 ,2 ,4 - tr ia z o le  and benzimidazole .
However the pH-rate p ro f i le  fo r histam ine (7) i s  somewhat d if fe re n t
(Figure 2 .3 ). This d ifference  a ris e s  fiom the presence o f a neighbouring
positively-charged  amino group w ith a pK (7.95) approximately two u n its
a
higher than the pK o f imidazolium ca tio n  (4 .95). This causes a second
a
in f le c tio n  poin t in  the  pH-rate p ro f i le .  S im ilar re s u l ts  have been found
' 12 . . .  by .Bradbury e t  a l  fo r the C-2 d e u te ria tio n  o f L -h is tid in e , whereas -
h is tid in e  deriva tives in  which the  amino group was blocked (as in  N -acetyl 
h is tid in e )  gave pH-rate p ro f i le s  w ith a sing le  in f le c tio n  p o in t.
25By comparison w ith imidazole , the  bell-shaped pH -rate p ro f i le s  
exhib ited  by g ly cy l-L -h istid in e  (Figure 2.4) and g ly cy l-L -h is tid y l-g ly c in e  
(Figure 2.4) are sh if te d  to  higher pH values. This i s  a r e f le c t io n  o f 
the g rea te r pK values fo r pro tonation  in  the l a t t e r  two compounds
a
(Table 2 .5 ). These observations are  s im ila r to  the  find ings o f Sachs e t  
29a l on the e ffe c t o f a neighbouring charged group on the pK o f sev era la
imidazole d e riv a tiv es .
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T he s e c o n d - o r d e r  r a t e  c o n s t a n t s  f o r  d e t r i t i a t i o n  o f  t h e  p r o t o n a t e d
h is tid in e s  (k) are  summarised in  Table 2 .5 . The re la tiv e  ra te  constants
fo r  g ly cy l-L -h is tid in e  and g lycy l-L -h istidy l-g lyc : ne are 1 :1 .5 . The .
d ifference  in  ra te  can be a ttr ib u te d  to  the presence o f a negative ly
charged group (-C00 ) nearer to  the  reac tio n  centre making a ttack  by the
hydroxide ion on the former compound more d i f f ic u l t .  This i s  in  agreement
12with the findings o f Bradbury e t  a l  ."  Comparison o f the values o f ;
fo r h istam ine, g lycy l-L -h istid ine  and g lycy l-L -h istid ine  w ith the imidazole
2 5
resu lt/, a t  the pH independent region , shows th a t  the in tro d u c tio n  o f  a s ide  
chain a t  the C-5 p o s itio n  makes the C-2 hydrogen le s s  la b i le .  There are  
two possib le  reasons fo r th is  behaviour. F ir s t ly ,  the inductive  power 
(electron-withdrawing) o f the side chain causes a decrease in  the  
concentration o f the protonated form and drives the equilibrium ,
BIl + H+ BH+ (2.18)
to  the l e f t .  Secondly, in tram olecular hydrogen bonding between th e  
amino group o f the  side chain and the N-l hydrogen o f the  imidazole 
group as in  (9) could be a con tribu ting  fa c to r .
The existence o f an in tram olecular hydrogen bond between the
protonated amino group and the  py rid ine-n itrogen  of the imidazole rin g
has been widely accepted by various workers3o~32 as the reason fo r  the
b io lo g ica l a c t iv i ty  o f histam ine and h istam ine-like  compounds. The main
evidence fo r such hydrogen bonding comes from the in fra -re d  sp ec tra  o f
N-acetyl-histam ine and methyl dihydrourocanate in  the so lid  phase and 
33in  0 0 3 , as w ell as from the  t i t r a t i o n  o f mono- and d i-iodo h is t id in e s
in  aqueous so lu tio n s34. On the o ther hand the s t a b i l i ty  o f the  proposed
23 25 23hydrogen bond in  aqueous so lu tions has been questioned ' . Paiva e t  a l
found th a t the pK of 4(5)-su b s titu te d  imidazoles are  l in e a r ly  re la te d  a
to  T a f t1 a* su b s titu tio n  constants and accordingly p red ic ted  th a t  the
inductive e ffe c t o f the ethylammonium side chain might be the  only .
con tribu ting  fa c to r . This view was supported by th e o re tic a l re s u l ts
36from molecular o rb i ta l  ca lcu la tions obtained by Kier .
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CHAPTER 3 /
K inetics and Mechanism o f D e tr i t ia t io n  o f 
Various Drugs
3 .1  INTRODUCTION
The c r i t e r i a  fo r the acceptance o f new drugs fo r pharmacological use 
in  humans have become more s t r i c t  in  the p ast few years. Some knowledge 
o f the drug metabolism (esp ec ia lly  i t s  d is tr ib u tio n , turnover and 
excretion) i s  commonly requ ired  before i t s  acceptance and usage. Such 
d e ta iled  inform ation on new (and w e ll-e stab lish ed  drugs) can be obtained 
by tra c e r  experiments using lab e lled  compounds. In p a r t ic u la r  the use 
o f tr itiu m -lab e lle d  drugs would seem to  provide a valuable and inexpensive
method o f in v es tig a tin g  these basic  requirem ents. However the uncerta in ty
/
as to  the s t a b i l i ty  o f the tr itiu m  labe l under b io lo g ica l conditions has 
been used as a reason fo r the re la t iv e ly  few stud ies th a t  have been 
c a rried  out using such lab e lled  compounds. In  the p resen t work th ree  
purine-contain ing  drugs were lab e lled  w ith tr i t iu m  a t  the  C-8 p o s itio n  
o f the purine rin g  and the s t a b i l i ty  o f the lab e l a t  various pH values
and 85.0° were in v estig a ted . The f i r s t  drug i s  puromycin (1) which i s
1 2 an a n tib io tic  . Since i t  has a s tru c tu ra l  resemblance to  the amino-acid
bearing end o f soluble RNA, th is  compound i s  o f considerable th e o re tic a l
3 4in te re s t  in  connection w ith the mechanism o f p ro te in  syn thesis ' .
The second drug is  6-mercaptopurine (2). I t s  a c t iv i ty  in  in h ib itin g  
growth (in  microorganisms) was recognised by Elion e t  a l 5 f i r s t  and la te r
g  -
in  human leukemia by Burchenal e t  a l  . The b io lo g ica l e ffe c ts  in  a 
number o f o ther systems were then reported  , and th is  compound has 
found a d e fin ite  p lace in  the treatm ent o f acute leukemia in  ch ild ren  - ; 7 
The attachment o f  a 3-D-ribofuranosyl moiety a t  the 9 -p o sitio n  o f 6-mercapto 
purine giving 6-mercaptopurine riboside  (3) a ffe c ts  the a c t iv i ty  and i t  
has been reported  th a t  the l a t t e r  compound has a therapeu tic  r a t io  o f  200 
compared to  30 fo r 6-mercap topurine^0 . When these drugs a re  lab e lle d  in  
the C-8 p o s itio n  o f the purine r in g  there  i s  the p o s s ib i l i ty  th a t  the 
ra te  o f d e tr i t ia t io n  may be a ffec ted  when the drug in te ra c ts  w ith su b s tra te s  
Consequently a study o f iso to p ic  hydrogen exchange would seem to  
be d esirab le .
SH
OH 01
(2)
Iso top ic  hydrogen exchange a t  the C-8 p o s itio n  o f  purines o f  
nucleic  acids, nucleosides and nucleotides has received considerable 
a tte n tio n  in  recen t years. The i n i t i a l  observations in  th is  area  were 
made by Ts’o and co-workers11 who noted the fa c i le  exchange o f  purine (4) 
when dissolved in  D2O a t  elevated  tem peratures. The p o s itio n  o f 
exchange was estab lished  from the finding  th a t  de-su lp h u risa tio n  o f  
8-mercaptopurine (5) w ith d eu te ria ted  Raney Nickel gave the same product
(4)
N N
N N
JL NH.
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(a) R = H
(b) R = 3-D -ribufuranosyl
Cc) R = 3 -  D-rib o fu r anosyl 
monophosphate
N/ H
as obtained from the exchange experiments. Further confirm ation came 
from the observation th a t  [8- 2H]purine could be synthesised  by rin g  
closure o f 4,5-diaminopyrimidine (6) w ith deu teria ted  formic ac id . Ihe 
same workers found th a t adenine (7a), adenosine (7b), hypoxanthine (8 a ), 
inosine (8b) and 6-chloropurine (9) rea d ily  exchanged the C-8 hydrogen in  
D20 a t  90-100° in  the course o f 10-20 m inutes.
Shelton and Clark14 reported  an extensive in v es tig a tio n  o f  the 
tritium -hydrogen exchange a t  the C-8 p o s itio n  o f purine nucleosides, 
nucleo tides, puromycin and nucle ic  acids in  t r i t i a t e d  w ater a t  100°.
They were able to prepare h ighly  t r i t i a t e d  adenosine' (7b), adenosine mono­
phosphate (7 c), guanosine (10b) and a number o f dinucleoside monophosphates 
by simple heating  in  HTO a t  100° fo r 5.5 h . I t  was found th a t  (in  o rder 
to  a t ta in  a h ighly lab e lled  product) puromycin (1) had to  be heated fo r a  
longer period . I t  was a lso  found th a t  when puromycin was heated a t  100° 
fo r 12 h in  t r i t i a t e d  w ater, the crude [3H-]puromycin product contained 
70% o f the in h ib ito ry  p roperties  o f the  unlabelled  m ate ria l. The r a te  o f  
d e tr i t ia t io n  o f [8 -3H]adenosine and guanosine a t  various pH values a t  30° 
was a lso  measured by the same au th o rs . They found th a t the back exchange 
was minimal a t  n eu tra l or acid  pH values, while the lo ss  from guanosine was 
g rea tly  accelera ted  a t  a lk a lin e  pH. Extreme a lk a lin e  conditions (0.35 N 
NaOH, 18 h a t  37°) caused extensive loss o f tr it iu m  from both [8 -3H]- 
adenosine and [8-3H]guanosine.
Maeda e t  a l14 investiga ted  the C-8 d eu te ria tio n  o f  severa l purine 
ribosides in  D20-DMS0 so lu tions a t  81° (pD 7). They found th a t  when an 
electron-withdrawing su b s titu en t was introduced in to  the C-6 p o s it io n  
the ra te  o f exchange was reduced, whereas electron-donating  groups 
increased the r a te .  The pH-rate p ro f i le  fo r the C-8 d e u te r ia tio n  o f
6 -mer cap topurine riboside  showed an in f le c tio n  po in t a t  pD 7.0 . In the 
pD range 7-12 the ra te  o f exchange was e ffe c tiv e ly  constant. This 
behaviour i s  in  co n tra s t to the behaviour o f o ther N-9 su b s titu te d  
purines where an increase in  the exchange ra te  was observed in  s trong ly
Despite the many q u a lita tiv e  observations o f iso  top ic  hydrogen 
exchange in  purine-contain ing  compounds th a t  have been reported  only the
w ith m echanistic aspec ts . The l a t t e r  workers studied  the r a te  o f  
d e t r i t ia t io n  of [8 -3H]purine, [8 -3H ]-9-alky l-purines, and o ther purine
p ro f ile s  obtained were co n sis ten t w ith a mechansim s im ila r to  th a t  
observed fo r imidazole and o ther re la te d  five-membered rin g  h e te ro c y c lic s , 
namely, hydroxide catalysed-deprotonation a t  the C-8 p o s itio n  in  the N-7 
protonated compound with the formation o f an y lid e  in term ediate which i s  
then reprotonated in  a f a s t  s tep . This mechanism is  i l lu s t r a te d  in  
Scheme 1.
a lk a lin e  media14
recen t work of Tomasz e t  a l 15 and Elvidge e t  a l 16”18 have been concerned
rib o sid es18' 19 as a function o f pH and a temperature o f  85°. The pH ra te
N
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+
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V k r ) ^ ( r )
Scheme 1 (12)
Confirmation o f the fa c t  th a t y lid e  in term ediates (12) were involved
came from the observation th a t purine-8-carboxylic  acid  (13) i s  completely
19decarboxylated to purine by b o ilin g  in  water fo r five  minutes . S im ilarly  
15Tomasz e t  a l  found th a t  7-methyl guanosine (14) catalysed  the benzoin 
condensation as w ell as exchanging i t s  8-H very rap id ly  in  D20 a t  28°.
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For 9-alyklpurines and adenosine a second reac tio n  pathway, namely 
hydroxide ion a tta c k  on the n eu tra l molecule, becomes increasing ly  
im portant a t  high pH values ' (pH >8). This i s  i l lu s t r a te d  in  Scheme 2, 
Confirmation o f the occurrence o f th is  mechanism comes from the
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N N
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Schem e 2
finding th a t the reported  values o f so lven t isotope e ffe c ts  fo r 9-a lk y l-  
T Tpurines = These are s im ila r to the values obtained fo r
o ther uncharged carbon acids where the io n isa tio n  o f a carbon hydrogen
2obond is  known to be rate-determ in ing , fo r example, acetone (1 .47),
21  22 phenylacetylene (1.34) and n itroethane (1 .39).
Sim ilar mechanisms to  Scheme 1 were proposed by Tomasz e t  a l 15 to
account fo r  the pH-rate p ro f ile s  fo r the exchange of t r it iu m  from the
8 -position  o f guanosine, 1-methyl guanosine and adenosine a t  37°. Fbr
guanosine an add itional exchange pathway involving hydroxide catalysed  
exchange o f the guanosine zw itterion  (11) was proposed to  exp lain  the 
increase  in  ra te  in  the more basic  media. Apparent support fo r th is  viewpoint 
comes from the find ing  th a t 1-methyl guanosine, which cannot e x is t  as an 
analogous zw itte rion , only undergoes exchange v ia  the protonated molecule.
A sim ila r s i tu a tio n  was claimed to e x is t  in  the case o f adenosine •
The d eu te ria tio n  o f C-2 and C-8 protons o f th ree  groups o f  
p u rin e-lik e  compounds, namely, 6-mercaptopurine (2), hypoxanthine (8a), 
adenine (7a) and 1-methyl (15) and 3-methyl (16) d e r iv a tiv e s , has rec en tly  
been stud ied  in  D20 a t  100° by Wong e t  a l 23. They found:
(1) d eu te ria tio n  a t  the C-2 p o s itio n  o f a purine i s  s ig n if ic a n t  
(kobs c a .10“ 5 sec-1) only when p o te n tia l  zw itterion ic  s tru c tu re s , 
such as (17) and (18), are im portant;
(2) the 1-methyl group causes a mild rate-enhancement on both C-2 
and C-8 d e u te ria tio n s ;
(3) the 3-methyl group leads to a rap id  increase  in  the ra te  o f  de­
protonation  o f the 2-hydrogen as w ell as a decrease in  th a t  o f the 
C-8 hydrogen re su ltin g  in  a re la tiv e  ra te  (C-2 hydrogen against 
C-8 hydrogen) d if fe re n t from th a t  observed fo r the o ther compounds. 
Sim ilar observations fo r  the C-2 d eu te ria tio n  o f 3-methyl d e riv a tiv es  
o f  hypoxanthines, which form mono-cations by pro tonation  a t  N-l , 
have been previously  reported  by Maeda e t  a l 14 and Bergmann e t  a l 24' 25...
Study o f the base-cata lysed  iso to p ic  exchange reac tio n  a t  the C-8
p o sitio n  o f the pu rin e-rin g  system gives r i s e  to many a p p lic a tio n s . Thus,
p r io r  to the finding th a t  purines lab e lled  e ith e r  w ith deuterium or
tr itiu m  could be prepared merely by heating  w ith D20 or HTO a t  90-100°
fo r  sh o rt periods, i t  was customary to  prepare the requ ired  compound by
12a long procedure involving rin g  closure o f  a se lec ted  pyrim idine .
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Sim ilarly  heterogenous methods o f c a ta ly s is  involving expensive c a ta ly s ts
28(platinium ) were a lso  employed . In add ition  the l a b i l i ty  o f  the C-8
proton has been used as an assignment to o l fo r the nmr spectrum o f 
1 27purine i t s e l f  . Wechter found th a t  knowing the approximate ra te s  o f 
deuterium inco iporation  in to  common nucleoside bases i t  was possib le  to  
labe l each o f the nucleosides se le c tiv e ly  in  the presence o f the  o th e rs .
An inpo rtan t ap p lica tio n  o f  the l a b i l i t y  o f the C-8 proton in  the 
purine system is  the p repara tion  o f t r i t i a t e d  DNA28-31, RNA and poly­
nucleo tides30-32 . Ihe k in e tic s  o f tr it iu m  incorporation  in to  the C-8 
p o s itio n  o f purine u n its  o f nucleic  acids has been recen tly  stu d ied 30.
I t  was found th a t  the ra te s  o f incorporation  o f tr it iu m  in to  the purine 
s i t e  o f the polymer were id e n tic a l w ith those fo r the corresponding mono­
nucleotides when the nucle ic  acids are in  the random c o il  s t a te .  However, 
when the nucleic  acids are in  th e ir  na tive  conformations, the purine la b e llin g  
ra te s  are reduced below th a t expected fo r the free  mono-nucleotides. The 
magnitude o f the e f fe c t  is  dependent upon the p a r t ic u la r  n uc le ic  ac id .
Another ap p lica tio n  o f the l a b i l i ty  o f the C-8 p o s itio n  has been
15developed by Tomasz e t  a l  fo r assay o f guanine residues in  DNA.
Methylation o f the N-7 p o s itio n  o f guanine deriv a tiv es renders the  8-H
extremely la b i le .  The same behaviour was observed a f te r  m ethylation o f
DNA sp e c if ic a lly  labelled , w ith tr it iu m  in  the C-8 p o s itio n  o f guanine •
residues. In fa c t the amount o f tr it iu m  released  from the DNA as
t r i t i a t e d  water corresponded to  the amount o f 7-methylguanihe. This
method was applied to the analysis o f DNA a f te r  in te ra c tio n  w ith various
33drugs such as the a n tib io tic  mitomycin C .
3 . 2  EXPERIMENTAL
(a) M aterials
A ll the m ateria ls were commercially ava ilab le  and th e ir  p u r ity  was
checked by comparing th e i r  m elting p o in ts , nuclear magnetic resonance (nmr)
34 -38and u l t r a - v io le t  (uv) spectra  w ith those reported  in  the l i t e r a tu r e
(b) Preparation  o f t r i t i a t e d  compounds
[8- 3H]Puromycin was prepared by d isso lv ing  puromycin dihydrochloride 
(40 mg) in  t r i t i a t e d  water (0.1 mH, 5 Ci/mil) and the /solution was kep t 
in  a sealed  tube fo r  48 h a t  60°. The t r i t i a t e d  water was then freeze - 
d ried  o f f ;  a small amount (1-2 mil) o f water was added and the so lu tio n  
n e u tra lised  w ith d ilu te  sodium hydroxide. The re su ltin g  mixture was freeze 
dried  and the remaining so lid  was washed again with water which was 
removed by freeze-dry ing .
[8 -3H]-6 -life reap topurine riboside  was prepared by keeping a so lu tio n  
o f the su b s tra te  (100 mg) in  dioxan (0.02 m l )  and t r i t i a t e d  w ater 
(0.05 mil, 5 Ci/mil) in  a sealed  tube fo r 4 days a t  50°. The so lven t was 
freeze-d ried  o f f  and the so lid  was washed several times to  exchange la b i le  
hydrogens. F ina lly  the water was removed by freeze-dry ing .
The uv and nmr spectra  o f the t r i t i a t e d  [8 -3H]-6-mercaptopurine 
riboside  and [8 -3H]puromycin were id e n tic a l w ith those o f  the un labelled  
compounds.
[8 -3H]-6-Nfercaptopurine was prepared by the following sequence 
o f reac tions:
CA Cl c  u
H
A so lu tio n  o f 6-chloropurine (60 mg) in  dioxan (0.5 mi) and 
t r i t i a t e d  water (10 50 Ci/mJi) were kept in  a sealed  tube fo r  12 h a t
60°. Thiourea (35 mg) and water (2 drops) were then added and the 
reac tio n  mixture was warmed fo r 5 m inutes. I t  was then l e f t  to  stand  a t  
room temperature overnight. Water (0.5 m£) was then added and the so lven t 
freeze-d ried  o f f .  The crude product was re c ry s ta l l is e d  twice from a 
w ater-dioxan m ixture. The m elting p o in t (312-315° dec), uv and nmr sp ec tra  
were id e n tic a l to  those obtained from an au then tic  un labelled  compound.'
(c) Reaction so lu tions
The procedure fo r preparing the b u ffe r so lu tions was the  same as 
th a t  described previously  (S e c ^ :l;2 .(c ) ,:S e c . 2.2 :(c ))l
(d) K inetic procedures
A sim ila r method to  th a t  used fo r following the ra te s  o f d e t r i t i a t io n  
o f azoles (Sec. 1.2 (d) and h is tid in e  d e riv a tiv es (Sec. 2.2 (d)) was 
employed. D etails o f a ty p ica l run as obtained fo r the d e t r i t i a t io n  o f 
[8 -3H)-6-mercaptopurine riboside  are shown in  Table 3.1 and Figure 3 .1 .
(e) S ta b il i ty  o f the drugs to  acid  and a lk a li
I t  has been reported  th a t  puromycin undergoes hydro ly tic  cleavage 
w ith concomitant b io lo g ica l in ac tiv a tio n  when kept in  d ilu te  ac id  o r
3 5 38d ilu te  a lk a li  a t  e levated  tenperatures ' . S im ilarly , a slow decomposition
has been noted fo r 6 -me reap topurine and 6-mercaptopurine riboside  when
39kept in  0.01 N sodium hydroxide a t  room temperature .In  the p resen t work 
the k in e tic  runs were monitored by u l tr a -v io le t  spectroscopy. Decomposition 
o f the su b s tra te  was n eg lig ib le  over the time in te rv a l in  which the 
d e tr i t i a t io n  was stud ied .
TABLE 3 . 1
D e t r i t i a t i o n  o f  [ 8 - 3H ] - 6 - m e r c a p t o p u r in e  r i b o s i d e  a t  8 5 .0 °  ± 0 .1 ° C *
Time, t  R ad ioactiv ity  o f THO 
(min) a t  time t ,  a^ (cpm) a - a.co t LogxoCa^ -
0 21,500 89,100 4.950
30 37,100 73,500 4.866
60 53,700 56,900 4.755
90 63,900 46,700 4.669
110 72,400 38,200 ' 4.582
135 77,600 33,000 4.519
170 85,400 25,200 4,401
205 90,500 20,100 4.303
240 94,500 16,100 4.207
0 111,500
600 110,400 a j a v ) . = 110,600
1200 109,900
Slope = -  kQbs. 
kobs = 12-l x
/2.303 = 5.27 x 10“ 5 
10“5 sec"1
sec” 1
* Medium: 10.5 mil o f 0.20 M a ce tic  acid  + 39.5 mil o f 0.20 M 
sodium a c e ta te , d ilu te d  to  100 mil. 
pH a t  25° = 5.17 
pH a t  85° = 5.17
4.9
4.8
4.6
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Figure 3 .1 . K inetic p lo t  fo r  the d e t r i t i a t io n  o f [8 -3H]-6- 
mercaptopurine riboside  a t  85.0° and pH 5.17.
3 . 3  RESULTS
(a) [8- 3H]Puromycin
The d e t r i t ia t io n  o f [8 -3H]puromycin was studied  a t  a room tem perature 
o f 85.0° and as a function o f pH. The re s u lts  are  presented in  Table 3.2 
and are p lo tte d  in  the form o f a pH-rate p ro f i le  in  Figure 3 .2 . The ra te  
increases w ith increasing  pH and then lev e ls  o f f  in  a pH-independent region 
(4-9). A dramatic increase  in  r a te  was observed a t  pH values in  excess 
o f  10.
The behaviour o f puromycin is  thus s im ila r to  th a t  observed fo r 
th iazo le , benzothiazole (Chap. 1, Sec. 1.3) and 9 -su b s titu te d  p u rin es16-18. 
The so lid  lin e  in  Figure 3.2 was constructed using equation (3.1) which 
can be derived in  the same manner as equation (1.20) was derived 
fo r th iazo le .
kK k'K -
k0bs = ------*— r  + ------- * ~ T  [0H"] (3 -1}0DS Ka + [H ] Ka + [H ]
K i s  the d isso c ia tio n  constant fo r  the N-7 pro tonated  puromycin and a
k and k ’ are the second-order ra te  constants fo r the d e t r i t i a t io n  o f
the protonated and n eu tra l puromycin forms re sp ec tiv e ly . The re s u l ts
are expressed in  terms o f r e la tiv e  r a te ,  R , (kQ^ sKa/kK^), where
kKW/K corresponds to  k ^  in  the pH independent region  (4 -9 ). The
pK value which gives the b e s t f i t  to  the experimental r e s u l ts  i s  2 .7 . a
Although no experimental value i s  a v a ila b le , th is  i s ,  in  comparison w ith  
l i te r a tu r e  values fo r adenine and adenosine, a reasonable value . The 
reported  values40 fo r  the l a t t e r  compounds are 4.2 and 3.5 a t  25°
41r e s p e c t i v e l y ,  r e d u c in g  t o  3 .5  a n d  3 . 0  a t  85 i f  t h e  P e r r i n  e q u a t i o n  ..
i s  employed. The pK value o f puromycin i s  a lso  co n sis ten t w ith the acida
strengthening e f fe c t  o f an electron-withdrawing group a t  the N-9
bu t they seem to  have no e f fe c t  on the pH-rate p ro f i le  o f  the d e t r i t i a t io n  
reac tio n . Ihe value o f k ’ (4.29 x 10“ 3 M” 1 sec” 1) was obtained from
(b) [8 -3H]-6 -Mercaptopurine
The d e t r i t i a t io n  r a te  constants fo r [8 -3H]-6-mercaptopurine over 
the pH range 5-10 are given in  Table 3.3 and the pH-rate p ro f i le  i s  
shown in  Figure 3 .4 . In  the pH range stud ied  6-mercaptopurine can e x is t  
in  four forms, namely, the n eu tra l form (BH2) ,  the monoanionic form (BH , 
io n isa tio n  o f S-H), the d ianionic form, (B- , io n isa tio n  o f both S-H and
"I*N-H o f the imidazole ring) and the protonated from (BH3 , p ro tonation  a t  
N-7 o f the imidazole r in g ) . I f  we can assume a ra te  equation (3.2) 
involving hydroxide ion a ttack  on both the protonated and the n e u tra l 
forms we have
39p o sitio n . The o ther reported  pK values fo r puromycin are 6.8 and 7.2a
against hydroxide ion concentration (Figure 3.3)
Rate = k[BH3+] [OH'] + k'[BH2] [0H‘ ] (3 .2)
I f
Ka
[BH;] [H+] 
[BH3+]
(3.3)
[BH~] [H+] 
[BH2]
(3.4)
K„ = [B~][H+]
a [BH- ]
(3.5)
and
[B]x = [BH3+] + [BH2] + [BH'] + [B=] (3.6)
solving fo r [BH3 ] and su b s titu tin g  in% quation  (3.6) gives equation (3.7)
m T
[BH3+] = -------- :----------- i-----------------  (3.7)
K KK' K K'K'11 + a + a a + a a a
[H+] [H+] 2 [H+] 3
S im ilarly  solving fo r [BH2] gives equation (3.8)
[B]t
[BH2] = --------------------    (3.8)
ro+T K! K'KM
1 + lH J + a + a a
Ka [H+] [H+] 2
Hence su b s titu tin g  in  equation (3.2) gives equation (3.9) which in  tu rn  
leads to  equation (3.10)
KKw[B]t . k'Kw[B]T
Rate = — ---------
K K' K K'K" ^ m+12 K'K”
[H ] + K + + JL S-&  [H ] + ILL + K' +
9 [II ] [H ] 2 \  a [I I ]
(3.9)
kK k'K
, W . Wk
obs ^ KK ' K K’K" ^ ru+l2 K'K"
[H ] + K + -5-5: + - .a. a .3 [H ] + JS O _  + K' +
a [H+] [H+] 2 K a [H+]
a
( 3 . 1 0 )
The th e o re tic a l curve (so lid  lin e )  in  Figure 3.4 was constructed
using equation (3 .10), defin ing  the r e la tiv e  r a te ,  R, as the fra c tio n  o f
kobs a t  p la teau  value (kKw/Ka = 1.55 x 10” 5 sec” 1) .  The pKa values
were chosen by a t r i a l  and e rro r  procedure to give the b e s t f i t  to  the
experimental r e s u l ts ;  the values are pK = 1 .2 , pKT = 6.6 and pKn = 9 .7 .a a a
These compare w ell w ith l i te r a tu r e  values42 (pK < 2, pK1 = 8.67 anda a
pK" = 11.9 a t  25°) when the sem i-em pirical approximation i s  employed41, a
Thus the values o f pK’ and pK” a t  85° reduce to  7.1 and 9 .7  re sp ec tiv e ly .
(c) [2 -3H]-6-Mercaptopurine riboside
The d e tr i t i a t io n  ra te  constants fo r [2 -3H]-6-mercaptopurine rib o sid e  
over the pH range 2-12 are given in  Table 3.4 and the pH -rate p ro f i le  i s  
shown in  Figure 3.5. The behaviour o f th is  nucleoside i s  s im ila r  to  the 
paren t compound (6-mercaptopurine) in  the pH region 2-10. However a t  
pH values >10 the ra te  o f d e t r i t i a t io n  increases d ram atically .
I f  we assume a ra te  equation having the form:
by a s im ila r treatm ent to  th a t employed in  the previous se c tio n  fo r  
mercaptopurine we get equation (3.12)
Rate = k[BH3+][0H‘ ] + k'[BH2][0H'] + k "  [BH'][0H‘ ] (3.11)
kobs
[H+] + Ka +
w
KK’ K K’K"
[H+] [H+] 2
a a a a a
+
+ k MrOH 1 (3.12)
Since K" = 0 equation (3.12) reduces to  equation (3.13) a
kobs
kK k'Kw w
KK' ^ m+l2 
[H ] + K" + P  ] + -GLL- + k:
k"[OH“]
+ ----------  ---------  (3.13)
1 + J f l  + '
K K K1 a a a
For K »  H >> K' and k ' »  k "  equation (3.13) s im p lifies  to  equationa a -
(3 .14). These s im p lifica tio n s  are v a lid  in  the pH region 5-8 .-8.
kK k'K
kobs = — + + "  ' C3-14)0DS K [H ] + K’a L J a
S im ilarly  fo r  K* »  H+ equation (3.13) s im p lifies  to  equation (3 .15 ), a
corresponding to the s i tu a tio n  th a t  e x is ts  in  the pH region 11-12
kK ■ k'K
kohs = — + — + k"[ffl_] (3.15)
0DS K Kfa a
The s o lid  l in e  in  Figure 3.5 was constructed using equation (3.13) 
and defin ing the re la tiv e  ra te  as the  frac tio n  o f ld^/K = 1.85 x 10“5 
(average value o f kQbs an ^ e  pH range 1-2); the pK^ value was chosen by 
a t r i a l  and e rro r  procedure to give th e  b e s t f i t  to  the experim ental
re su lts  - th is  was found to be equal to  6 .2 . This value compares w ell
\ 3 9  41 .w ith the  reported  pK (7.71 a t  23 ) which, when the P e rrin  equation i sa
employed, reduces to  6.28 a t  85°. The value o f kM was obtained from 
the p lo t  o f kQbs against hydroxide ion concentration (Figure 3.6) and 
was found to  be equal to 2.5 x 10“ 3 M” 1 sec” 1.
TABLE 3 . 2
D e t r i t i a t i o n  r a t e  c o n s t a n t s  f o r  [ 8 - 3H ]-p u r o m y c in
a t  8 5 .0 °  ± 0 .1 ° C
pH 25° pH 85° 1 05kobssec"1
R elative 
r a te ,  R
2.02 2.02 0.576 0.11
3.00 3.00 1.77 0.33
3.57 3.57 3.59 0.67
3.77 3.77 5.39 1.01
4.00 4.00 5.35 1.00
4.40 4.40 5.33 1,00
8.69 7.01 5.17 0.97
9.40 8.95 5.37 1.00
12.15 . 10.65 12.8 2.39 .
12.40 10.90 18.6 3.48
12.70 11.20 29.5 5.51
12.88 11.38 41.2 7.70
: 13.00 11.50 52.4 9.79
TABLE 3 . 3
D e t r i t i a t i o n  r a t e  c o n s t a n t s  f o r  [ 8 - 3H ] - 6 - m e r c a p t o -
p u r in e  a t  8 5 .0 °  ± 0 . 1 °
pH 25° pH 85° 105 kobs sec” 1
R elative 
r a t e , R
0.01 0.01 0.141 0.091 -
0.31 0.31 0.178 0.12
1.01 1.01 0.586 0.38
2.31 2.31 1.76 1.14,
3.64 3.64 1.55 1.00
7.07 5.39 2.52 1.63
8.03 6.35 4.39 2.83
8.40 6.72. 5.46 3.52
8.74 7.06 6.85 4.42
8.00 7.52 9.59 6.19
8.60 8.12 9.77 6.30
9.5 9.02 9.68 6.25
10.13 9.65 9.36 6.04
TABLE 3 .4
D e t r i t i a t i o n  r a t e  c o n s t a n t s  f o r  [ 8 - 3H ] -6 -m e r c a p to -
p u r in e  r i b o s i d e  a t  8 5 .0 °  ± 0 .1 ° C
pH 2 5° pH 85° 1 0 5 k obssec"1
R elative 
r a te ,  R
0.80 0.80 1.85 1.00
1.79 1.79 1.88 1.02
2.26 2.26 1.82 0.98
2.77 2.77 4.33 2.34
4.00 4.00 7.75 4.19
5.17 5.17 12.1 6.54
7.77 6.09 30.4 16.4
8.24 6.56 55.2 29.8
8.55 6.87 66.8 36.1.
8.78 7.10 73.6 39.8
8.34 7.86 82.4 44.5
9.43 8.95 78.9 42.7
■ 12.02 10.52 93.8 50.7
13.18 11.68 128 69.2
.13.50 12.00 165 89.2
13.72 12.22 202 109
14.00 12.50 344 186
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e q u a t io n  ( 3 . 1 ) .
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Figure 3 .3 . Rate o f d e t r i t i a t io n  o f [8 -3H]puromycin in  
sodium hydroxide so lu tions a t  85.0°. Slope (k1) = 4.29 
x 10“ 3 M-1 sec“ x.
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Figure 3 .4 . pH-rate p ro f i le  fo r the d e t r i t i a t io n  o f [8 -3H]-6-
mercaptopurine a t  85.0°. q  Experimental p o i n t s .  C alculated
using equation (3 .10).
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Figure 3 .6 . Rate o f d e t r i t ia t io n  o f [8 -3H] 
riboside  in  sodium hydroxide so lu tions a t  8 
2.51 x 10"3 M"1 sec” 1.
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6-mercaptopurine 
.0 ° . Slope (k 1)
3 . 4  DISCUSSION
(a) Puromycin
Our study o f  th is  a n tib io tic  in  conjunction w ith previous
1 7 ,1 8  , . „ . . .in v es tig a tio n s ' on analogous purine nucleosides shows th a t  t r i t iu m -
hydrogen exchange a t  the  C-8 p o s itio n  o f  the  purine r in g  involves two 
mechanisms. F i r s t ly ,  ra te-determ in ing  a tta c k  by the hydroxide ion  on 
the  protonated form giving r i s e  to  an y lid e  in term ediate  i s '  
predominant in  the  pH range 2-9 (Scheme 1 ). Secondly, hydroxide ion  
a tta c k  on the n e u tra l molecule w ith the  form ation o f  a carbanion i s  th e  
predominant pathway a t  pH values >10 (Scheme 2). Ihe good agreement 
between the  experimental p o in ts  and the th e o re tic a l pH -rate p r o f i le  
constructed  on the assumption th a t  both  o f  these mechanisms are  o pera tive  
(Figure 3.2) lend support to  th is  view point.
The mechanism o u tlin ed  in  Scheme 1 assumes th a t  p ro to n a tio n  o f  
puromycin occurs a t  the N-7 p o s itio n  o f  the  purine r in g . The ex is ten ce  
o f  severa l basic  s i t e s  fo r  the nucleosides and nucleo tides has freq u en tly
led  to  c o n flic tin g  l i t e r a tu r e  statem ents regarding  the p ro to n a tio n  s i t e s
43 -o f  these compounds . For example, X-ray c ry s ta llo g ra p h ic  in v e s tig a tio n s
o f adenine hydrochloride44, adenonsine-5 '-phosphate45, adenosine-3*-
phosphate46 and adenosine-21-u rid in e-5 '-p h o sp h a te47 show th a t  in  th e
c ry s ta l l in e  s ta te  they are a l l  p ro tonated  a t  N-l . However, Chan and 
48Nelson studied  the e f fe c t  of pH on the *H nmr param eter o f  adenyl-(3 ',5 f) 
adenosine and suggested th a t  sev era l mono-protonated species e x is t  in  
equilibrium  w ith  one another. Although the  s i t e  o f  p ro to n a tio n  fo r  
puromycin has no t been e s tab lish ed  we favour a mechanism in  which th e  
re a c tiv e  species i s  the  N-7 pro tonated  form since fo r  the exchange to,
occur i t  seems in tr in s ic a l ly  un like ly  th a t  the pro tonation  s te p , which
has to  proceed the exchange s te p , should involve a basic  centre  remote
from the exchange s i t e .  Sim ilar views have been proposed by Elvidge e t  a l
1 6 -1 8fo r the d e t r i t i a t io n  o f several purines and purine nucleosides
The second-order r a te  constants fo r the d e t r i t ia t io n  o f the
protonated (k) and n eu tra l forms (k !) o f puromycin are given in  Table 3.5.-
The ra t io  o f  k /k f i s  2.0 x 108 : 1, in d ica tin g  the co n trib u tio n  which a
p o s itiv e ly  charged group adjacent to  the exchanging s i t e  can make to  the
s ta b i l is a t io n  o f the t ra n s it io n  s ta te .  S im ilar ra te  enhancements have
been reported  fo r the d e t r i t ia t io n  o f analogous puriile nucleosides under
17 18the same conditions '
(b) 6-Mercaptopurine and 6-mercaptopurine riboside
Ihe pH-rate p ro f i le s  fo r the d e t r i t i a t io n  o f 6-mercaptopurine
(Figure 3.4) and 6-mercaptopurine riboside  (Figure 3.5) were d if fe re n t
from those obtained fo r puronycin (Figure 3 .2 ), purine, 9-a lk y l p u rin es ,
16-18
adenine, adenosine, hypoxanthine and inosine ' . In the pH range 6-7 an
increase in  the ra te  o f d e t r i t i a t io n  is  observed whereas the ra te  o f  
exchange o f the o ther purine deriva tives remained v ir tu a lly  constan t in  
th is  reg ion . This d ifference  a ris e s  from the presence o f  a t i t r a t a b le  * 
group (S-H) a t  the 6 -position  o f the purine r in g . S im ilar behaviour has 
been found fo r guanine and guanosine where these two compounds con ta in  
an ion isab le  group (N-H) a t  the C-l p o s itio n  o f the purine r in g .
(b) 
Average 
value 
of 
k
^-in
 
the 
pH 
range 
8-10.
(c) 
This 
was 
calculated 
assum
ing 
a 
pK& 
= 
1.2, 
sim
ilar 
to 
that 
of 
m
ercaptopurine.
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3.5
Our re s u lts  in d ica te  th a t  the exchange can be brought about by the  
following possib le  pathways
1. In the pH range 1-5, a reac tio n  pathway involving rate-determ ining  
a ttack  on the protonated form (N-7) w ith formation o f an y lid e  
interm ediate i s  im portant (Scheme 1 ). This behaviour seems to  be 
common to a l l  purines and purine nucleosides. In order th a t  the 
exchange reac tio n  should take place the s i t e  o f p ro tonation  should
be on N-7. However the most probable s i t e  fo r p ro tonation  i s  N-l
. .  .  4 9 .
. .according to  nmr evidence. . The probable, s i tu a tio n  i s  th a t  "there are
d if fe re n t  amounts o f various protonated forms p resen t and th a t  i t
is  the N-7 form th a t  i s  the ac tiv e  species fo r the iso to p ic
hydrogen exchange a t  the C-8 position .-
2V In the pH range 6-10, another reac tio n  pathway involving r a te -
determining a ttac k  o f the hydroxide ion on the n eu tra l form w ith
formation o f a carbanion (a pathway s im ila r to Scheme 2) comes in to
play . W hilst the proposed ra te  equation accounts s a t i s f a c to r i ly
fo r  the observed k in e tic s , a second equivalent p o s s ib i l i ty  e x is ts .
A reac tion  involving the  zw itterion  (19) ra th e r  than the n e u tra l
su b stra te  and hydroxide ion is  p o ss ib le . The zw itterion  has a
p o s itiv e  change on the N-7 p o s itio n  so th a t  ab strac tio n  o f  tr it iu m
from the C-8 would give r is e  to  an y lide-type  in term ed iate . A
sim ila r zw itterion ic  form (19) has been recen tly  proposed by Wong .
23e t  a l to  account fo r the C-2 d eu te ria tio n  of 3-methyl-6-mercapto-
punne
S
HCR)
( 1 9 )
3. At pH values >10 where an increase in  the ra te  o f exchange o f
6-mercaptopurine riboside was observed, another pathway involving 
rate-determ ining  a ttack  o f the hydroxide ion on the mono-anion, as 
shown in  Scheme 3, i s  predominant.
S S~
The second-order ra te  constants fo r the d e tr i t ia to n  o f  6-mercapto
purine and 6-mercaptopurine ribosides are summarised in  Table 3 .5 .
Comparison o f the second-order ra te  constants (k ')  gives a r a t io  o f  1:21 
fo r mercaptopurine and 6-mercaptopurine riboside  resp ec tiv e ly . This 
ra te  enhancement can be a ttr ib u te d  to the inductive e f fe c t  o f the 9 -rib o - 
furanosyl group (electron-withdrawing) in  s ta b i l is in g  the forming carbanion.
Comparison o f the ra te  o f exchange o f 6-mercaptopurine (kQ^  ') in
16 «; ithe pH independent region (3-6) w ith th a t  o f purine (3.2 x 10 sec'" J
where the reac tiv e  ‘ species in  the purine ca tio n  gives a ra te  r a t io  o f
(1 : r 2 : 1). This re f le c ts  the e f fe c t  of.ian electron-w ithdraw ing group- - •:
(S-H) a t  the 6 -position  in  reducing la b i l i ty  o f the- C-8 hydrogen;." A
16s im ila r e f fe c t  i s  observed on the pK values (pK = 1 .2  and 2 .3  a ta a
85° re sp e c tiv e ly ) .
Hie ra t io  o f the second-order ra te  constant fo r  the d e t r i t i a t io n  o f 
the n eu tra l 6-mercaptopurine riboside  , to  the second-order ra te  constant 
fo r the d e tr i t ia t io n  o f the mono-anion (k’/k n ) i s  6.4 x 10s :1 . The 
decrease in  ra te  can be a ttr ib u te d  to  the ro le  o f  a negative charge in  
making the a ttack  o f the hydroxide ion le ss  favourable.
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